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THE INSTITUTE 


AN Ordinary General Meeting of the Institute of 
Petroleum was held at 26 Portland Place, London, W.1, 
on 5 December 1956, the Chair being taken by Dr E. B. 
Evans, a vice-president of the Institute. 


The General Secretary read the minutes of the previous 
meeting, Which were confirmed and signed as a correct 
record. He also announced the names of members 
elected since the previous meeting. 


The Chairman, introducing the author of the paper to 
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be presented, said: Mr Cooke is a physical chemist by 
training, and the fact that he is so indicates the close con- 
nexion between some aspects of physical chemistry and 
the problems of the field engineer. He joined the 
British Petroleum Company some fourteen or fifteen 
years ago, and has been engaged in a variety of problems 
connected with physical chemistry and its applications, 
including X-ray crystallography and the examination of 
clays and catalysts. 


The following paper was then presented in sumunary. 


THE HYDRAULICS OF DRILLING MUD FLOW * 


with particular reference to annular flow and caving hole difficulties 


By P. W. COOKE 


+ (Associate Fellow) 


SUMMARY 


The problem of removing caved debris from a well bore is discussed and calculations are given to demonstrate 
that turbulent flow in the annulus is desirable. The removal of drilled cuttings presents no problem under 
either turbulent or laminar flow conditions for any mud weight as long as a minimum annular space velocity of 
about | ft/sec is maintained. If laminar flow has to be aecepted on account of purmp pressure limitations, it would 
seem desirable to keep the yield value and plastic viscosity of the mud to a minimum and increase the mud 


weight within reasonable limits. 


INTRODUCTION 


THE question of mud flow in a well annulus has 
received considerable attention in recent years, and 
several papers in the literature have discussed the 
problems of the carrying capacity of mud and the 
optimum flow type required for the most efficient 
removal of drilled debris.-° Laboratory and _ field 
experiments designed to simulate the transport of cut- 
tings in an ascending column of mud have been 
described, but generally the actual rheological proper- 
ties of the muds used have not been quoted. 

Many of the problems associated with specific mud 
properties have disappeared with the advent of high 
quality muds possessing low fluid loss characteristics 
and an inhibited filtrate attack on the formation 
penetrated. One important problem remains, how- 
ever, which is closely related to the rheological proper- 
ties of a mud. This is caving hole difficulties, which 
are very frequently encountered when a well pene- 
trates thick shale sections. The nature of this prob- 
lem was discussed in a paper ® at the Fourth World 
Petroleum Congress, although no experimental data 
were included. In general, previous papers have been 
concerned only with the transport of drilled debris, 
the particle size of which is small and the removal of 
which presents few problems. 

When caving conditions are encountered the main 
problem is the removal of debris considerably larger 
than drilled cuttings. Caved fragments have been 
observed in the field to be as large as 4 inches average 
diameter and 1 to 2 inches thick. Three factors 
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influence the amount of caving that takes place and 
they are: (1) the geological structure of the forma- 
tion; (2) the chemical and physical properties of the 
mud fluid; and (3) the drilling technique. Caving 
can be frequently stopped by attention to the mud 
uid and drilling technique, although satisfactory 
improvement may not be obtained in the presence 
of abnormal formation pressures, faulting, and steeply 
dipping beds. 

If, in spite of remedial action, caving still persists, 
the caved debris must be removed quickly in order to 
eliminate the possibility of stuck tools. In this con- 
nexion it cannot be too strongly emphasized that 
open-hole time exerts a great influence on this type 
of caving, a rapid deterioration in hole conditions 
frequently accompanying prolonged open-hole time 
The method of removing the caved debris as quickly 
as possible is the subject of much speculation and is 
one which presents the field mud engineer with a 
problem, the solution of which appears to rest on two 
contradictory beliefs. 

From hydraulic considerations, an increase in 
annulus velocity must contribute to more efficient 
removal of debris, and in this respect turbulent flow 
is to be preferred, since, under such flow conditions 
the caved fragments present their surfaces of maxt- 
mum area to the direction of flow, of which the 
velocity distribution is uniform at all points in the 
annulus. According to some authorities, however. 
the flow eddies associated with turbulent flow result 
in further disruption of the borehole wall and thus 
aggravate the problem. <A_ preference for laminar 
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type flow is thus indicated, the velocity distribution Pape I 
of which varies from a maximum at some point near Rheological Properties of a Lime Base Mud Series 
the centre of the annulus ring to zero at the walls npn 
> ; ine areas of | Yield é 
of the hole, and near the drill pipe. Dead areas of Plastic | value, | Marsh | Gel strength, g 
flow are then created, especially in enlarged por- Sp. er. viscosity,! ]h/190 | Funnel a Aes 
tions of the hole, into which the caved debris is carried eP | sq. ft. | Viscosity, é : 
‘ | |} sec | Init. 10 min 
hydraulically and deposited. When flow ceases the 
i deposited particles then tend to fall into the hole and Il ll | 50 | 32 o | oO 
When caving difficulties persist, the main problems 1-4 i4 5-0 | = o | 
a are to decide which type of mud flow is preferable ; 1-5 15 50 | 32 o | l 
Va how a change-over from one flow type to another can 1-6 16 5°5 33 Oo | ! 
be achieved without aggravating the hole condition ; 
ve achieved without aggravating the hole condi 1-8 70 34 
: and, finally, what side effects are likely to be intro- 1-9 23-5 | 80 36 l 2 
duced by the change-over. This paper attempts to 2-0 28 95 38 a i 
2-1 34 11-0 41 2 | 5 
ag show that: (1) turbulent flow is to be preferred for °.0 43 145 46 9 | 4 
the most efficient removal of caved debris; (2) it is 2-3 56 | 195 53S 3 9 
seldom achieved in the field with the usual rates of 24 | 
circulation employing the more conventional mud . 
. types; and (3) the currently accepted practice of 
4 increasing the viscosity of the mud to aid in removing ; 
caved debris only serves to aggravate its accumulation. 
j ; It must be reiterated that these statements are Rheological Properties of Muds from Rig Circulation 
i meant to apply only in the case of caving brought ] i 
about by the existence of abnormal conditions men- 
: | From | Plastic ield | Marsh | » 
tione d previously and are not meant to apply to caving Mud type SP» ¢ireu-| vis- | value, Funnel g 
induced by incorrect mud type application or bad gr. lation, cosity,1b/ 100) vis- 
; drilling practice. | ft. | cP jsq.ft.jcosity, | 19 
F That increasing the mud viscosity, according to : | mun 
reported statements in the literature, has contributed Native shale | 1-18| 1975 | 15 9 35 | 1 | 38 
to better hole conditions is not denied, but it is Lime base . | 2:10) 6980 27 16 Sie 1:4 
suggested that the improvement is dne to side effects lime base . 207) 7592) 34 22 49 o | 4 
oe introduced when the various methods of increasing 
viscosity are carried out. For example, two of the 
4 commoner methods of increasing viscosity are the Tasie Il 
introduction of oil into the mud or addition of quanti- Rheological Properties of Some Low Weight Muds 
: ties of starches or carboxy-methylcellulose. In both 
j cases a reduction in fluid loss of the mud usually | yiela | PL 
: results, and this reduction may in itself be responsible | Pestle | vce, | on 
3 sults, a ction may in it e responsib Sp. gr. viscosity, “Ue. | Funnel Mud type 
for the improvement, by reduced hydration of the | cP | viscosity, 
| | sq. ft. 
shale. | | sec 
1-09 | 2% 96 | 108 Caustic treated 
| ». ic 
EXPERIMENTAL WORK 1-08 29 12-4 80 Caustic treated 
: 109 | 20 | 145 | 75 Caustic treated 
j rhe rheological properties, yield point and plastic 1-10 27 | 143 | 80 | Caustic treated 
viscosity, of a series of lime muds varying in weight 
4 from 1-2 to 2-5 sp. gr. were determined employing a 1-20 | 29 37-5 | 180 | Caustic quebracho 
i funnel type viscometer described in the paper by 1-20 29 | 393 | 195 —— quebracho 
Beck, Nuss, and Dunn.? The weighted muds were 1-38 Natural mud 
= prepared by the direct aadition of barytes to a base 1-12 13 6-8 43 | High pH-caustic- 
ae mud compounded as follows : quebracho 
of Wate 1000 ml 1-27 S 18 | 33 Salt water-impermex 
Ber 1-08 15 58 | | Emulsion-gel oil 
120 17 27:2 58 | Gel-chemical 
119 | 7 | 293 50 | Gel-chemical 
soda . 1-08 12 | 135 | 44 | Gel-chemical 
Table I summarizes the test results. These figures 1-20 | | 45 | Gel-chemical 
20 0 29 55 Yel-chemi 
for laboratory muds were found to be reproducible in | | 
a the field, and Table II shows the corresponding proper- 1-20 | ii 35 40 | Gel-chemical 
ties for three field muds taken from circulation and Gel-chemical 
Realizing that limed mud is a rather special type From data in paper by Beck, Nuss, and Dunn. 
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and wishing to apply the calculations following to 
more commonly used low-weight muds, the rheo- 
logical data presented in the paper by Beck, Nuss, 
and Dunn on the results of field tests on some twenty- 
four muds have been freely drawn upon. Table III 
summarizes the properties of these muds. 


APPLICATIONS OF EXPERIMENTAL 
RESULTS 


(1) Circulation Pressures 


Under conditions of turbulent flow, the pressure 
loss in a pipe is not only directly proportional both to 
the mud weight and to the square of the mud velocity 
and inversely proportional to the internal diameter of 
the pipe, but, in addition, is a function of a friction 
factor which is usually determined graphically from a 
knowledge of the Reynolds Number. The Reynolds 
Number is directly proportional to the mud weight, 
the mud velocity, and the pipe dimensions and 
inversely proportional to the plastic viscosity of the 
mud. 


Internal pressure loss in p.s.i LOOO ft pipe 
1-296 
D 
396DWV 
Reynolds Number (for mud flow) 
t 
where W = mud weight, lb/cu. ft. ; 
V = velocity of flow, ft sec ; 
D = internal diameter of pipe, inches ; 
n = plastic viscosity of mud, cP; 
f = friction factor. 


Fig | is a plot of lime mud weight v. plastic vis- 
cosity employing the values given in Table I. Up to 


+ + + —+ 
T | T 
| | 
} | | 
39} 
a 
30, 
> | 
25, + 


PLASTIC 
+ 


10 
+ + 
| 
10 


SPECIFIC GRAVITY OF LIMED MUD F¥, PLASTIC VISCOSITY 


1-6 sp. gr. the plot is linear, but above this the plastic 
viscosity increases more rapidly. For a given mud 
velocity inside a pipe of fixed dimensions, therefore, 
the Reynolds Number, and hence the friction factor, 
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will remain constant for mud weights up to 1-6 sp. gr. 
For mud weights above this figure, the value of the 
Reynolds Number will gradually decrease, increasing 
f, the friction factor. The resultant pressure drop for 


| Bosed on constant | 
we mud wei grt 
| 4 
20 + + + + a + + 4 
| 
o} + + + + + + + 
7 
A 
4 
100}. + + + + + + + +--+ + 4 
| 
90} + + + + 4 + + 4 + 
| Zt 
a 60 + + + + + + ge + + + + + 
| 
60, + + a + + + + + + + + 4 + 
- | } 
904 + + + + + + + + 
" 2 16 20 2! 22 23 24 25 
SG MUD (LIMED) 
Fie 2 


PRESSURE LOSS PER LOOO FT INSIDE 4)-INCH INTERNAL 
FLUSH DRILL PIPE WITH THROUGHPUT 50 CU. FT. PER MIN 


| Fo Foct esponang toa given mud 

wegrt by wh the pressure loss 
aicuieted woter viatie us 4 

be multiplied to give the pressure 

esponding to the mud wegh 

used 
28, 
26, 4 


> 


PUMP PRESSURE FACTOR Fp 
° 
+ 


4 A 
4 
16, + 
| 
| 
14, 
| 
| 
| 
” € 20 22 26 26 
MUD SPECIFIC CRaViTY 
Fia 3 


PUMP PRESSURE FACTOR FF. MUD WEIGHT 


a given length of the pipe for a constant mud velocity 
will thus be directly proportional to the mud weight 
up to 1-6 sp. gr., but above this figure the pressure 
drop will increase more rapidly. Fig 2 is a plot of 
mud weight v. pressure loss /1000 ft of 44-inch internal 
flush drill pipe at a throughput of 50 cu. ft/min. 


| p 
q 

| 
| 
= +— + — +—| 
+—— 
| | | 
} 
| | | 
} | | | 
| | | } | | 
| | | | 
| + + + —+— . 
| 
| | | | 
SC LIMED 
Fie 1 
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The deviation shown in Fig 2, being dependent only 
on the decreasing value of mud weight — plastic vis- 
cosity, and hence increasing f, is independent of pipe 
size and mud throughput. It is therefore possible to 
construct Fig 3, which plots mud weight v. a pump 
pressure factor Fp. The product of Fp, correspond- 
ing to a given mud weight, and the pressure drop 
calculated for water is the pressure drop that may be 
expected when circulating mud of weight correspond- 
ing to Fp. 

Employing the plastic viscosity values given in 
Table I, the pressure losses inside various sizes of drill 
pipe for throughputs calculated to produce annulus 
velocities of 120, 150, and 180 ft/min in various annuli 
were determined, and are given in Table IV. The 
practical limitations in terms of mud throughput and 
pressure losses are more conveniently discussed in the 
next section. 

TaBLe 
Pressure Loss per 1000 ft I.F. Drill Pipe for Various Combina- 
tions of Hole Size, Drill Pipe Size, and Mud Throughput 


| Internal 
Drill | pressure loss 
| | 
Hole Dei , |Annulus | Annulus | pp | per 1000 ft 1.F. 
pipe relocity, | PUlTe- | drill pipe for 
size, quired, | mud weights of : 
| inches | | 1:20 , 2-20 
| min 
| Sp. gr. | Sp. gr. 
| 180 | 257 | 125 | 255 
17h 14309 150 215 | 90 185 
(25-2 tb) | 120 | 172 60 | 125 
12 0-6204 | 150 | 93 | 58 120 
120 74 40 79 
4 | 180 51 120 
84h 0:2835 | 150 424 43 | 86 
(16-6 Ib) 120 58 
180 23-2 | 68 | 140 
6 01295 150 19-4 50 | 104 
120 82 | 68 
! 


(2) Critical Velocities 

Laminar flow changes to turbulent flow at a critical 
velocity, the value of which is a function of the dimen- 
sions of the flow system, and the weight and rheological 
properties of the mud. The formule usually employed 
when calculating the value of the critical velocity of a 
mud (based on a Reynolds Number of 2000 for laminar 
flow) is given by : 


8-07n + 8-07 Vn? + 1-65W 
WD 
where V, = critical velocity, ft/sec ; 

n = plastic viscosity of mud, cP; 

W = mud weight, lb/cu. ft. ; 

Y, = yield point of mud, lb/100 sq. ft. ; 

D = internal diameter of pipe in inches or four 
times the hydraulic radius of an annulus 
in inches, if the flow considered is 
annular. 


Using the rheological data given in Table I, the 
critical velocity in ft/sec for annular flow in four dif- 
ferent hole size—drill pipe combinations was deter- 

TaBLe V 
Critical Velocity of Lime Mud in Ft/sec in Various Annuli 


Annulus combination 


| 17j- | 12- | 6- 
se: | Wield | inch inch | inch inch 
Plastic | value, | hole- | hole- | hole- | hole- 


Sp. gt. \wiseosity,, /100 | 6§-inch | 54-inch) 34-inch 
¢P oq. ft. | D.P. | D.P. | | 


Critical velocity in annulus, 


| ft/sec 
50 2-94 | 3-00 3-16 3°37 
1-2 12 50 2:80 | 2-89 3:03 3°25 
13 | | 6&0 2:71 | 2-80 2:93 | 3-14 
1-4 14 0 2-60 2-69 2-79 3-05 
15 50 | 251 2-61 | 2°77 2-97 
16 | 16 Bye) 2-56 | 2-65 2-80 3-00 
7 | 18 6-0 | 2-60 | 2-68 | 2-84 3-09 
Is | 20 70 | 2-70 2°82 | 2-98 3°22 
1-9 23-5 S-0 2-85 2-95 | 3-02 3°40 
20 28 3-02 | 3-15 3:35 | 3°57 
2-1 34 11-0 | 322 | 3:36 3-58 3°95 
2:2 43 145 | 3-62 3:78 4-08 4°52 
2-3 56 19-5 | 4:13 4°35 4:70 5:27 
2-4 80 290 | 496 | 527 | 580 | 6-60 
2°5 160 43-5 | 630 6°88 7:95 9-70 


TasLe VI 
ritical Velocity of Low Weight Mud in 12-inch Hole—54-inch 
Drill Pipe Annulus in Ft/sec 


~ 


Critical 

API velocity 

Plastic Y ield Marsh | ft/see in 

Sp. gr. | viscosity, Funnel 12-inch 

viscosity, hole—5}- 

sq. ft. | see | inch D.P. 

| | | annulus 
1-09 233 9-6 is 4-33 
108 | 29 | 12-4 80 | 4-98 
1-09 20 14-5 75 
1-10 27 |} 143 80 5:26 
1-12 31 | 204 93 | 618 
109 27 | 198 86 
1:20 | 180 7-81 
| 29 195 8-00 
1-28 7 14 1-44 
1-10 7 1-8 35 1-82 
13 6-8 4 | 3-47 
1:27 8 ay 33 1-69 
108 15 58 3-31 
1:20 | 17 27-2 58 6-52 
119 | 29-3 50 6-62 
108 | 12 13-5 44 4°84 
1:22 | il | 204 | 48 6°30 
120 | 13 162 | 45 4:88 
1:20 55 6-63 
120 | #12 | | 51 6-06 
1:20 13 3-5 40 2-45 
1-22 19 248 53 6-18 
1-22 | 14 169 | 46 4-94 


Calculated from data given in paper by Beck, Nuss, and 
Dunn. 


mined for the range of lime mud weights and the 
results are given in Table V. From an examination 
of this table it is seen that : 
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(a) The minimum annulus velocity necessary 
to produce turbulent flow is at least 2-5 ft/sec 
and is generally higher. 

(b) The critical velocity increases with decreas- 
ing annulus size for a mud of given weight and 
rheological properties. 


Table VI shows similar calculations, but for one 
annulus size only, for lighter muds, using the data 
given in Table III. Except in the cases of three of 
the muds, which possessed very low yield values, the 
critical velocity was usually over 3 ft/sec. In order, 
therefore, to achieve turbulent flow in the annuli 
sizes chosen, an ascending mud velocity of at least 
150 ft/min is generally necessary, and it should be 
noted that this velocity, calculated for an “ on gauge ”’ 
hole, for a given mud output, falls appreciably in 
portions of the hole enlarged by caving and erosion. 
Table VII illustrates this point. 


TasLe VII 
Effect of Hole Enlargement on Annulus Velocity 


Annulus type | Annulus velocity in ft/min if 

hole diameter is increased by : 
size, | size, | 84-ft-] | | 3 | 4 

inches | inches inch | inch | inches | inches | inches 
174 6§ | 1-4309| 150 | 132 | 117 | 105 | 94 
12 54 0-6204 | 150 123 | 103 | 88 76 
8} 4} 0-2835 | 150 | 112 | 87 70 57 
6 33 0-1295 | 150 | 97 69 92 41 


Hence under caving hole conditions, even if an 
annulus velocity of 150 ft/min can be attained to 
produce turbulent flow conditions (with more efficient 
mud-carrying capacity), laminar flow will still prevail 
in enlarged portions of the hole, leading to deposition 
of drilled and caved debris into the enlargements. 

Reference back to Table IV will show the limitations 
imposed on the attainment of the critical velocity and 
hence turbulent flow. For example, in the large 17}- 
inch hole, 68-inch drill pipe annulus, a throughput of 
at least 215 cu. ft/min is necessary to produce an 
annular velocity of 150 ft/min, or about twice the 
output of one Ideal C.350 pump running at 65 
strokes /min (18-inch stroke, 7}-inch liner size, working 
at 90 per cent volumetric efficiency). A further 
limitation is imposed on the circulation of such large 
volumes of mud by pressure loss considerations. 

For the four annuli sizes chosen for discussion in 
this paper, the pressure loss inside the drill pipe 
calculated for a throughput necessary to produce 
annulus velocity in the range of 120 to 180 ft/min, 
represents the following percentage of total pressure 
drop in the complete circulation system, t.e. pump 
pressure required, for the average depths given. It 
is assumed that the most efficient circulation system 
is chosen, involving the correct choice of each piece 
of circulation equipment. 
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The higher the annulus velocity and the smaller the 
annulus area, the higher the percentage of pressure 
drop contributed by the internal drill pipe loss. 


Pressure drop in D.P. 


Dept h “total pressure drop 
limits, Annulus type 
ft 120 ft/min | 180 ft/min 
annulus | annulus 
velocity | velocity 
4,000| 17-inch hole-6j-inch D.P.| 30 =| 40 
8,000 | 12-inch hole-54-inch D.P. | 45 65 
12,000 | 84-inch hole-4j-inch D.P. | 65 
15,000 | 6-inch hole-3$-inch D.P. | 65 75 


Tables VIII and LX are calculations of the approxi- 
mate total pressure loss to be expected in a circulation 
system for mud weights of 1-2 and 2-2 sp. gr. respec- 
tively. Considering again the 174-inch hole-63-inch 
drill pipe annulus, where a mud throughput of 215 
cu. ft/min is necessary to produce an annulus velocity 
of 150 ft/min, the resultant pump pressures at, say, 
4000 ft would be: 990 p.s.i. for 1-2 sp. gr. mud; 
1844 p.s.i. for 2-2 sp. gr. mud. 

The maximum recommended discharge pressure for 
7}-inch liners for a C.350 pump is only 1040 p.s.i. 
Similar calculations may be carried out for the other 
annuli sizes, and, in general, it is found that : 


(a) For low mud weights of the order of 1-6 
sp. gr. and less, providing the circulation equip- 
ment is carefully selected, an annulus velocity of 
150 ft/min can usually be attained, except in the 
larger hole sizes, without overloading the pumps, 
even with jet-bit drilling. 

(b) For mud weights above about 1-6 sp. gr. 
it is usually impossible to attain this minimum 
annular velocity unless large pumps are available. 
In any event, the critical velocity for mud 
weights above 1-6 sp. gr. is usually well above 
150 ft/min. 


One very important point is illustrated by reference 
to Tables VIII and IX, namely, the importance of 
selecting the most hydraulically efficient circulation 
equipment. Comparative pressure losses are given 
for two different drill strings in each hole size and, in 
addition, the comparative figures for various tool 
joint types for each drill string, and the effect of vary- 
ing the drill collar bore. 

It should also be remembered that caving hole con- 
ditions are very often encountered when penetrating 
abnormally thick marl successions in which abnormal 
formation pressures frequently co-exist, necessitating 
the application of heavy muds. It is safe to say, in 
this case, that the critical velocity is very seldom 
attained and the greatest problem is to decide what 
possible course of action will result in the greatest 
improvement in hole condition. It is important here 
to have a thorough understanding of the whole subject 
of mud-carrying capacity. 


4 
| | 
4 
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Surface Equipment :-— 
Standpipe 75 ft x 34-inch I.D. pipe inches) 
Hose 75 ft » 
Swivel 5ft x 24-inch LD. 
Kelley 40 ft x (63 


Hole diameter (inches) 


Drill pipe size-weight, inches 1! ft 
Pump throughput, cu. ft/min 257 
Annulus velocity, ft/min 180) 


Tool Joint Type 
Internal flush 135 
p.s.i. 1000 ft of made-up dril! Full hole M45 
pipe Slim hole 
Double str’line 
Flush joint 


Bore Drill Collar (inches) 


It 
1} 
| 
2 
24 
p.s.i./100 ft of drill collar = 
bore al 580) 
3 | 380 
3} 260 
3} | 180 
34 | 128 
Total nozzle area, sq. in. | 6-18 
Conventional bit | Equiv. to 6 nozzles of I.D. lk 
with a nozzle | Equiv. to 3 nozzles of I.D. 
fluid velocity of | Equiv. to 1 nozzle of I.D. 
p.s.i. 100 ft sec _ 
through | p.8.i, drop through nozzles || 125 
bit } 
nozzles | | Total nozzle area, sq. in. 2-48 
Jet bit with a Equiv. to 3 nozzles of I.D ld 
nozzle fluid velo- | Equiv, to 2 nozzles of I.D. 1} 
city of 250 ft/sec |— 
p.s.i. drop through nozzles 55s 
p.8.i. drop through surface equipment (pump kelley) 515 


100-ft hole-drill collar A/S 


p.s.i. drop through annulus 1000-ft hole-drill pipe A/S 


Depth (ft) 


5} inches), 23 inches (4) inches), 


‘Total pump pres- 
sure with con- 
ventional bits 


4dd 

433 p.s.i. to totals 
if jet bits are to 
be used 


17}-inch hole with 200 ft of 1,000 |) 936 
4-inch bore collars and int. 2,000 1071 
flush drill pipe 3,000 1206 

1,000 1341 


12-inch hole with 200 ft of 
34-inch bore collars and 
int. flush drill pipe 


84-inch hole with 200 ft of 
2}-inch bore collars and 
F.H. (4) inches) or (34 
inches) 


6-inch hole with 200 ft of 
2}-inch collars and int. 
flush drill pipe 


4h-inch hole with 200 ft of 
1}-inch bore collars and 
(2 inches) or slim hole 
(22 inches) 


5,000 
6,000 


S000) 


9.000 | 
10,000 
11000) 
12.000 | 
13,000 
14,000 
15,000 


16,000 


705 


895 


OF DRILLING MUD FLOW 


350 
388 
426 


inches) 


270 135 || 112 
lsu Tsu 
isi) 134 95 
low 
633 157 300 178 || 125 
415 300 197 116 82 
284 202 3 78 56 
197 140 93 39 
142 100 66 39 | 

103 74 18 28 


TABLE 


Analysis of Pump Pressures 


12 
24-7 4) 16-6 

93 74 121 lol 81 
68 4 287 137 
72 17 308 17 
90 5S 144 103 oy 
38 | 67 45 
40 9 15 30 
28 18 44 32 21 

23) «1-78 | 290) 1-95 
# a 
125 125 | 125 125 125 
0-71 1-16 77 


577 105 266 156 112 Sv 52 | 158 115 i7 
2 1 2 
1292 954 671 444 || (1000 ft) 
1772, 1299 901-578 (2000 ft) 
2252 «1644 «1181 712 |} (3000 ftp 
2732 «1989 =1561 | 740) (563 409 1526 «1134 
709 | 2112 
1148 2698 1978 1354 


JOURNAL OF THE 
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17 
63/24-7 24-7 
215 129 
150 120 
3S 
4 
413 277 «163 
270 180 107 
185 123 73 
127 
a 92 61 36 
67 15 26 | 
515 4:12 3:10 | 650 540 4:32 3-25 |] 2-69 
# # If Ih #  ® i 
Zz 125 124 125 | 125 125 125 125 125 
i 207 1-65 1-24 2-59 2:16 1-73 1-29 1-08 
55S 55S 
370, 
5OS 
: | 
636 
| 
| 
| | | 
| 
| | 
| 
| 
= | 
4 | 
\ 
| 
| 


Vill 
(1:20 sp. gr. mud) 


4}/16-6 
424 34 
| 1380 150 120 
| 58 42 28 | 
62 30 | 
| 
77 55 37 
| 16 33 22 
| 29 31 14 
| 19 l4 10 
| 3 9 6 
| 9 7 4 
| 6 4 3 
3 ii 


| 08 5558 558 
i} 
| i} 24 16 | 
5 
| 13 9 6 
| 
| 
(4000 ft) 


(how 
Tt) 
ft) 


S15 | 


AAA | mo 
965 526 
77 
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1913 


2089 


2265 


1957 


34/13 

23°3 194 
180 150 
66 is 
71 bl 
738 56 
yo 65 
61 15 
32 23 
1s 15 
1} 
7 
0-56 


(S000 ft) 


(9,000 ft) 
(10,000 ft) 
(11,000 ft) 


902 
959 


to 


1589 
Ling 
1589 


1689 


1789 


140 


~ 


| 
74 
6 4h 
3 25/10-4 25/10-4 22/6-65 
59 49 39 15-5 27-2 22-7 18-2 8-65 7-20 5-77 | 11-2 7-50 
180 150 120 120 | 180 150 120 LSU L50 120 
370262 172 31 | 292 207 137 | 
400 282 184 
| 36 I 198 = = 
il 
115 83 61 
181 130 102 300 220 150 : 
40 24 il 4s 
21 15 10 35 24 16 
82 58 39 
15 31 20 
100 72 || 24 17 12 | 
61 433 23 15 ll 7 | | 
38 27 is || 7 
25 18 12 | | 
17 12 | 
12 9 6 
6 4 | | | 
| || | 
0-94 |! 0-37 0-65 0-54 O44 | O-21 O17 0-27 0-23 wis 
| u | # a | @ | 8 
125 125 125 125 125 125 || 125 125 125 | 125 125 125 }| 125 125 125 125 125 125 
0 0-33 0-58 0-47 O38 0-23 O15 | 0-26 0-22 0-18 | 
558 558 558 558 558 558 | 558 558 558 | 
68 49 33 16 13 | 18 15 12 . 
‘ “6 4 5 4 3 7 5 — - | — 
lo 7 9 5 | ll 8 5 | 18 17 16 15 it 13 
i 
| 
| 
| 
| 
| 3619 2610 
3990 2879 |_| } 
3148 
1759 3417 1132 S45 3780 2718 1085 2840 2088 1487 
— 
| 1212 6.0 4083 2983 1986 1947 1162 3053 2242 1504 
1292 656 1586 3148 2128 2080) 1239 3266 2396 1701 
1372 1016 692 1689 3363 2270 2215 1316 3479 250) 
2346 1393 3692 274 1915 
| 
| 


74 COOKE : 


S urface Equipment 


THE 


HYDRAULICS OF DRILLING MUD FLOW 


Standpipe 75 ft x I.D. pipe (4} inches) 
Hose 75 ft x 38-inch I.D. 
Swivel 5ft 2)-inch LD. 
Kelley 40 ft x 34-inch (6§ — 5} inches), 29 inches (4) inches), 2} inch 
Hole diameter (inches) 
Drill pipe size-weight, inches |b ft 63 24 
Pump throughput, eu. ft/min 2574 215 
Annulus velocity, ft/min 180 
Tool Joint Type 
Internal flush 135 95 
p.s.i./1000 ft of made-up drill Full hole l4 
pipe Slim hole 
Double str’line 
Flush joint 
Bore Drill Collar (inches) 
1 
1} 
1} 
1} | 
2 
2} 
p.s.i./100 ft of drill collar ol 
pre 23 580413 
3 || 380 270 
34 | 260 185 
34 }} 180 127 
33 | 128 
4 | 94 67 
Total nozzle area, sq. in. | 6-18 Oh) 
Conventional bit | Equiv. to 6 nozzles of I.D. lt 
with a nozzle | Equiv. to 3 nozzles of LD. 
fluid velocity of | Equiv. to 1 nozzle of LD. 
p.s.i 100 ft sec - 
through | p.s.i. drop through nozzles 125 125 
bit 
nozzles | | Total nozzle area, sq. in. 248 = 207 
Jet bit with a/ Equiv. to 3 nozzles of I.D. l* 14 


nozzle fluid velo- 
city of 250 ft/sec 


Equiv. to 2 nozzles of L.D. 
p.s.i. drop through nozzles 
p.s.i. drop through surface equipment (pump kelley) 


100-ft hole-drill collar A/S 


p.s.i. drop through annulus 1000-ft hole-drill pipe A/S 


Depth ( ft) \\ 


17}-inch hole with 200 ft of 1,000 
4-inch bore collars and int. 2,000 
flush drill pipe 3,000 

4,000 


12-inch hole with 200 ft of 5,000 


34-inch bore collars and 6,000 
int. flash drill pipe 7,000 
Potal pump pres 8,000 
sure with con- 
ventional bits Si-inch hole with 200 ft of 9,000 
2j-inch bore collars and 10,000 
F.H. (44 inches) or 1.P. (34 
inches) 
12,000 


idd 

433 p.s.i. to totals 
if jet bits are to 
be used 


6-inch hole with 200 ft of 
2}-inch collars and int. 
flush drill pipe 


4j-inch hole with 200 ft of 
1}-inch bore collars and 
F..J. (2% inches) or slim hole 
(22 inches) 


13,000 
14,000 
15,000 


16,000 


| 


| 


936 
1071 


1206 


1341 


895 


990 


247 

22 135 
120 ow 
345 230 134 
370 245 
457 300 178 
300 197 116 
202 133 78 
140 95 4 
100 66 
74 28 
4-32 
125 125 125 


954 671 
1209 901 578 
1644 i131 712 
1989 1561 S416 


JOURNAL OF 


TABLE 


Analysis of Pump Pressures 


12 
7 4) 16-6 
74 121 lol 81 
120 
95 6s 287 137 
loo 72 i7 Os 117 
125 90 144 103 
x2 ds 38 67 45 
56 26 64 45 30 
| 3Y 28 18 44 32 21 
| 
2-69 2-23 1-78 2-42 


112 su 52 158 115 i7 
2 l 2 1 


| (L000 ft) 
(2000 ft) 
(3000 ft) 


S42 636 156 1545 
709 2112 «1556 (1074 
2405 L767 1214 
1148 2698 1978 1354 
| 
| 
THE INSTITUTE OF PETROLEUM 


28 inches) 
17] 
172 129 | 270 
lsu 
ot isu) 
277 «163 | «633 
180 107 415 
123 73 284 
197 
61 36 142 
a 15 26 103 
310 | 6-50 
: 7 25 125 125 125 125 125 | 135 125 125 
165 124 2-59 2-16 1-73 1-29 108 O89 O71 1160 (O77 
515 38700 577 405) 266 
572 388 | 1772 
| 636 426 | 2252 
| 700 164 2732 
| 
i 
} 
F 


(1:20 sp. gr. mud) 


4}/16-6 

51 424 3 
180 150 120 
{ 58 2 28 
| 6. 
| 

77 55 37 
| 16 33 22 
} 39 21 
| 19 14 10 
| 3 9 6 
| 9 7 5 
| 6 i 3 
= 
} 1-22 1-02 0-82 


(4000 


(0) ft) 
ft) 


ft) 
NSN 
965 526, 
loss 


HYDRAULICS OF 


MUD FLOW 


~ 
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j 
6 4} 
! 
| 3}/13-3 34/13-3 25/10-4 25 /10-4 22/6-65 
59 49 39 23-3 19-4 155 | 27-2 22-7 18-2 $63 7-20 5-77 | 11-2 9-35 7-50 
180 150 120 180 150 120 | 180 150 120 180 150 120 | 180 150 120 : 
} 370 262 172 66 is 31 | 292 207 137 | 
| 400 282 184 71 51 MM | i 
78 56 36 198 140 94 
| 90 65 il | 
| 115 83 61 
| 181 130 102 300 220 150 : 
| os 40 24 100 71 4s 
621 15 10 35 24 16 
61 29 82 5S 
32 23 15 15 31 20 j 
100 72 is |} 13 24 17 12 | 
61 $33 | 5 5 15 ll 7 
38 27 18 i 7 5 4 7 | 
25 18 12 | | 
17 12 3 
12 9 6 | 
9 6 4 | | 
42117) | 056 | 065 0-54 ORT | 0-27 0-23 
125 125 125 125 12 125 || 125 125 125 | 125 125 125 |} 125 125 125 | 195 125 125 * 
O49 0-33 | 0-58 0-47 0-38 0-22 016 | 2% 0-22 0-18 | 
| 558 558 558 558 558 558 558 558 55S | 558 558 558 | 
33 16 | 68 49 33 16 13 10 | 18 15 |} — _ _ — 
5 3 2} 6 3 |} 5 5 — - 
| 13 9 6 | lo 7 4 | 14 9 5 | ll 8 5 | 18 17 16 | 15 i4 13 
= = — - 
|| 
| 
| 
| 
| 
| 3239 2041 1571 ft) 
S619 2610 re (9,000 ft) 
1915 (10,000 ft) 
S148 2089 (11,000 ft) 
| 1759 3417 2265 1132 S45 3780 2718 1389 1085 2840 288 
12132 902 6.0 4085 2933 1986 1917 1459 1162 3053 2242 1504 
1292 959 656 1586 3148 2128 2080) 1589 1239 3266 2396 1701 
1372 1016 692 4689 3363 2270 2215 1689 1516 3479 2550 180s Fe 
2346 1789 1393 3692 274 1915 
957 
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Surface Equipment :— 


Standpipe 75 ft x 3,\-inch I.D. pipe (4} inches) 
Huse 75 ft x 3-inch I.D. 

Swivel 5 ft x 2)-inch I.D. 

Kelley 40 ft x 34 inch (6§ - 


Hole diameter (inches) 


Drill pipe size—weight, inches/Ib/ft 
Pump throughput, cu. ft/min 


Annulus velocity, ft/min 


p.s.i./1000 ft of made-up drill 


Tool Joint Type 
Internal flush 


Full hole 


pipe Slim hole 
| Double str’line 
Flush joint 
| Bore Drill Collar (inches) 
1 
1t 
| 1 
if 
2 
p.s.i./100 ft of drill collar | 2+ 
bore | 2) 
3 
34 
3) 
| 34 
4 
| Total nozzle area, sq. in. 
Oonventional bit | Equiv. to 6 nozzles of L.D. 
with a nozzle | Equiv. to 3 nozzles of LD. 
fluid velocity of | Equiv. to 1 nozzle of 1.D. 

p.8.i. 100 ft/sec | 

ae p.s.i. drop through nozzles 

rit 
nozzles | Total nozzle area, sq. in. 

. Jet bit with a| Equiv. to 3 nozzles of I.D. 
nozzle fluid velo- | Equiv. to 3 nozzles of I.D. 
city of 250 ft/sec }_—_________-- 

| p.s.i. drop through nozzles 


p.s.i. drop through surface equipment (pump kelley) ; 


p.s.i, drop through annulus | 


‘Total pump pres- 
sure with con- 
ventional bits 


Add 

796 p.s.i. to totals 
if jet bits are to 
be used 


| 


| 
| 


17}-inch hole with 200 ft of 
4-inch bore collars and int. 
flush drill pipe 


12-inch hole with 200 ft of 
3}-inch bore collars and 
int. flush drill pipe 


84-inch hole with 200 ft of 


2}-inch bore collars and 
(44 inches) or LP. (3) 
inches) 


6-inch hole with 200 ft of 2}- 
inch bore collars and int. 
flush drill pipe 

4j-inch hole with 200 ft of 
lf-inch bere collars and 
F.J, (2% inches) or slim 
hole (2% inches) 


/100 ft hole-drill collar A/S 
/1000 ft hole-drill pipe A/S 


Depth (ft) 
1,000 
2,000 
3,000 


4,000 


5,000 
6,000 
7,000 


8.000 
9,000 
10,000 
11,900 
12,000 


13,000 
14,000 
15,000 


16,000 


| 


| 
| 
| 


| 
| 
| 


54 inches), 29 inches (44 inches), 2} inches (34 — 24) 


17} 
68/24-7 54/247 
267) 215. 172 «129 | 270 225 180 
180 150 120 90 180 «150-120 
250 176 «+117. «+70 | 890 640 425 
265 188 126 74 | 950 680 410 
1070 «762 «602-302 | 1170 850550 
700 500 336 197 | 770 550 365 
475 34222434 | 875A 
330 233 157 93 | 365 263 172 
235 170 «+112 66 | 260 186 123 
172 123 «83 48 | 190 137 90 
G18 515 412 310] 650 540 4-32 
# lt # 
229 229 229 299 229 
248 207 165 1:24 | 259 216 1-73 
025 1025 1025 1025 | 1025 1095 1025 
970 700 460 268| 1065 744 497 
1316 949 | 2387 1759 1246 
1492 1066 719 | 3277. 2399 1671 
1668 1183 789 | 4167 3039 2096 
1844 1300 859 | 5057 3679 2521 
| 
JOURNAL 


54/2 
135 |} 112 93 
90 180 150 
247 || 177° 125 
263 | 188-133 
| 
330 233 165 
213 150 108 
144 102 74 
100 71 61 
52 
3°25 2-69 2-23 
i 
229 229 229 
O89 


TABLE 


Analysis of Pump Pressures 


i 


12 
7 43/16-6 
74 | 191 101 81 
120 180 150 120 
~ 
82 | 597 382 253 
88 | 562 408 270 
107 264 #190 127 
70 172 124 83 
47 118 56 
33 82 59 39 
1-78 | 2:90 2-42 1-95 
z # # at 
229 229 229 
0-71 116 0-97 0-77 


"1025 |} 1025 1025 1095 
287 || 206 148 97 
4 2 2 
- 13 9 6 
818 || (1000 ft) 
1065 (2000 ft) 
1312 |} (3000 ft) 
1559 || 1368 1038 759 
1558 «1172 S47 
| 1748 1306 
| 1938 1440 1023 
2128) «1674 «#1111 
| 
OF THE INSTITUTE 


“102510251025 


208 


290 140 
4 2 2 

11 7 6 
2805 2089 1470 
3343 42478 1729 
S881 2867 1988 
1419 3256 2247 
4957 3645 


OF PETROLEUM 


7 
| 
2 | | | tt i 
| 
| / 
| 
| 
. 


IX 


(2-20 sp. gr. mud) 
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8} 
44/166 
51 
180 150 120 
108 77 b2 
544 
142 102 68 
85 61 40 
54 39 26 
35 25 17 
17 il 
17 12 8 
12 9 6 
122 «1020-82 
4 4 
# 

229 

0-49. 0-38 
ti i 
ts 4 a? 
1025 1025 1025 
44 29 

9 6 4 
24 
(4000 ft) 
(5000 ft) 
(6000 ft) 
(7000 ft) 

16471234 895 
1787 1333 
1927 

1091 


2067 
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34/13-3 
49 
150 


490 
525 


1025 
9 


13 


4356 


34/13-3 
39 23-3 19-4 
120 180 150 
320 123 89 
342 131 v4 
145 104 
167 119 
113 83 
60 43 
&8 34 24 
52 20 15 
33 18 9 
22 
15 
10 
7 
0-94 O47 
te 
at te 
229 229 229 
0-38 
ts * 
at 
1025 1025 1025 
59 25 20 
6 
26 17 
2918 (8,000 ft) 
3246 (9,000 ft) 
3574 (10,000 ft) 
3902 (11,000 ft) 
4230 || 2097 1560 
2246 1666 
2395 1772 
2544 1878 
| 
\ 
1957 


0-15 


1025 


15 


3 
9 


1072 
1139 
1206 
1273 


1025 


38 


13 
20 


25/104 

22-7 18-2 
150 120 
380 252 | 
108 723 | 
57 37 | 
32 21 
19 13 | 
12 Ss | 

i 

229 229 
0-22 | 
| 
1025 1025 
23 18 
6 
9 | 
4979 3377 
5373 3638 
5767 3899 


25/104 
8-63 7-20 
214155 
76 
39 38 
“Oa O17 
229 
“37 34 
3418 ©2616 
3669 2805 
3920 2994 
4171-3183 
4492-3372 


2631 


98 


3931 


4222 
4513 
4804 


“5095 


2789 


2990 
3191 
3392 


3593 


a 
q 
|__| 
i ‘ | 
236-65 
59 15-5 27-2 5-77 112 925 7-50 
180 120 130 120 180 150 120 
690 58 | 537 
740 |_| 63 
| 370 263 175 
14 
192 550 400 276 e 
44 186 133 89 
19 4 53 30 
54 151 
28 80 
187 133 16 45 ‘ 
| 113 80 1 27 
46 33 
32 23 
22 16 
16 
1420 0-37 | 0-65 0-14 | 0-27 0-23 6-18 
: 
2290 229 229 229 229 
0-58 0-47 0-26 
it 
1025 
\ 126 = = - 
| 18 = | 32 26 
| | 
——~ 
6039 7 
6747-4859 
7455 
8163 5865 
8871 6368 6939 2047 5331 -_ 
a 7496 2193 | 5731 
| 8053 2339 | 6131 
8610 6161 4160 2485 6531 : 
| 
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(3) Carrying Capacity of Mud 

Several investigators have examined the factors in- 
volved in the transportation of cuttings up the well 
annulus and proposed modified forms of Stokes’s and 
Rittinger’s formule (for viscous and turbulent flow 
respectively) to account for the deviations noticed 
between calculated and observed rates of transporta- 
tion. The correction factors applied take into account 
the flattish shape of the average drilled cutting and 
the ratio of particle diameter to hole diameter. ‘Two 
of the most recent papers * ° on the subject of carrying 
capacity describe experiments in which plastic and 


aluminium cuttings (the density, shape, and sizes of 


which were made to agree closely with the observed 
values for average cuttings) were introduced into the 
mud annulus and the rates of rise observed under 
different flow conditions and in the presence of muds 
of varying composition and rheological properties. 


The experiments were, however, limited to the use of 


particle sizes approximating to actual drilled cuttings. 
Caved fragments are usually greater in size than 
drilled cuttings, which seldom exceed } inch in average 
diameter and are usually smaller than this. Caved 
fragments as large as 4 inches or more in diameter 
have been observed in the field. 


In order to observe the effect on slip velocity of 


increasing the particle size, a range of sizes from 
approximately }- to 4-inch average diameter was 
considered. The ratio of particle thickness to average 
diameter was considered constant at | : 4. 
Employing the rheological data given in Tables | 
and III for the limed mud series and low gravity mud 


series respectively, the slip velocities for particles of 


TABLE X 


Flatwise Slip Velocity (uncorrected for “ edge” effect) of 
Particles in Turbulent Flow Conditions 


Critical Particle diameter, ft 
velocity 
Yield in 12- 


Sp. g eon value, inch | 0-02 | 0-04 | 0-08 | 0-16 | O24 > 0-32 
Sp. gr. Ib/100 | hole-54- | | | | | 4 
sq. ft. jinch drill 
pe, | in veloci 
| | Slip velocity, ft/sec 
1 | 1 | 60 | 3-00 | 0-66 | 0-93 | 1-30 | 1-86 | 2-26 | 2-62 
1-2 12 5-0 2-89 | 0-61 | 0-86 | 1-22 | 1-72 | 2-10 | 2-44 
13 13 | 5-0 2-80 0-56 | 0-80 | 1-13 | 1-60 | 1-96 | 2-26 
14 | 14 | 50 | 269 | 0-52 | 0-74 | 1-05 | 1-48 | 1-81 | 2-10 
16 | 15 | 50 | 261 | 0-49 | 0-69 | 0-97 | 1-38 | 1-67 | 1-94 
16 | 16 5-5 2-65 | 0-45 | 0-64 | 0-90 | 1-28 | 1-55 | 1-80 
17 | 18 6-0 2-68 | 0-42 | 0-59 | 0-83 | 1-18 | 1-44 | 1-66 
18 | 20 7-0 2-82 | 0-39 | 0-54 | 0-77 | 1-08 | 1-33 | 1-54 
19 | 23-5 a 2-95 0-35 0-50 0-70 | 1-00 | 1-22 | 1-40 
2-0 28 9-5 3-15 | 0-32 | 0-45 | 0-64 | 0-90 1-11 1-28 
21 34 11-0 3:36 | 0-29 | | 0-58 | 0-82 | 1-00 | 1-16 
2-2 | 13 145 3-78 0-26 | 0-38 | 0-52 | 0-72 | 0-89 | 1-04 
2-3 56 19-5 | 4:35 | 0-23 | 0-32 | 0-46 | 0-64 | 0-79 | 0-92 
24 | 80 29-0 | 5-27 0-19 | 0-27 | 0-38 | 0-54 | 0-66 | 0-76 
25 | 160 | 43:5 6-88 0-15 | 0-22 | O31 | 0-44 | 0-53 | 0-62 
Formule after Williams and Bruce 
t 
for 
where flatwise slip velocity, ft sec ; 
t thickness of particle, ft; 
d diameter of particle, ft; 
pm = mud density: 
Ps particle density. 


TABLE XI 


Slip Velocity of Particles in Turbulent Flow Conditions 


Particle diameter, ft 


Yield 
Plast value 2 0-04 0-08 0-16 0-24 | 0-32 
rr scosit 100 | 
ep 
Slip velocity, ft/sec 
| 11 50 0-65 | 0-99 | 1-60 | 2-13 | 2-47 
1-2 12 i 0-59 | 0-93 | 149 | 1-96 | 2:33 
13 0-56 | 0-88 | 1:37 1:75 | 2-18 
50 0-52 | 0-82 | 1-26 | 166 | 2-04 
15 O-48 | 0-76 | 117 1-56 1-89 
16 16 5d 438 | O-70 1-08 | 1-40 | 1-76 
17 1s 60 0-40 0-62 | 0-99 | 1-28 | 1-55 
1s 20 70) 0-35 | 0-57 | 0-91 | 1-17 | 1-43 
23-5 0-32 | O-DL | O80 | 1-07 1:32 
2-4) oN 0-5 0-28 | 0-45 | 0-69 | 0-95 | 1-12 
2-1 34 lo 0-26 | 0-40 | 0-61 0-85 | 1-00 
2-2 13 0-22 | 0-34 | 0-54 0-69 | 0-86 
2-3 19-5 O18 0-30 O45 0-57 0-71 
24 29-0 | O24 | O36 | 0-48 0-59 
2-5 160 13-5 0-07 | O11 16 | O28 | 0-35 | O45 
Formiuler after Hall, Thompson, and Nuss 
n. Ke 
2D epm 
t 
for } 
where : V, = slip velocity, ft see; 
= Reynolds Number; 
De = equivalent purticle diameter, ft; 
pm mud density, Ib cu. ft. 


TasLe XII 
Slip Velocity of Flat Particles Under Laminar Flow Conditions 


Critical Particle diameter, ft 
velocity — 
Plastic | Yield in 12- | | 
a value, inch 0-02 0-08 0-16 0-24 | 0-82 
op. er. Ib/100 | hole-54- | 
sq. ft. ljineh drill 
pipe, Slip velocity, ft/see 
ft, sec 
1-1 | 3-00 O-10 O46 2-00 8-35 | 19-00 | 34-00 
1-2 | 2-89 | 0-08 | 0-39 | 1-70 | 7:10 
13 2-80 | 0-07 | O34 1-48 | 6-20 | 
14 | 2-69 | 0-06 0-29 1-28 | 5-40 
15 | 2-61 | 0-05 | 0-25 | 1-10 | 4-60 | 
16 | 65 0-03 | O18 | O84 | 3-60 
17 | 0-02 | 0-13 0-64 | 2-76 | 
1-8 | | | 0-09 0-45 200 
oO | | 0-05 | 0-29 | 1-33 | 
24) | woz 0-16 | O81 | 
2-1 0-01 | 0-09 0-47 | 
2-2 | | 0-03 | O-21 | 
2-3 | | | 0-06 | 
2-4 | | 
2-5 - 
Formule after Hall, Thompson, and Nuss 
3.7.9 
[tli ps m) 22 
f : 
d 
where : n = plastic viscosity, lb/sec, ft; 


t = Yield value, lb/sq. ft.; 
d = particle diameter, ft; 

t = particle thickness, ft; 

pm = mud density, lb/cu. ft.; 

Ps = particle density, Ib/cu. ft. ; 

V, = slip velocity, ft/sec ; 

X empirical slip velocity factor for laminar slip (dimensionless). 


size range quoted above were calculated for both 
turbulent and laminar flow conditions. Turbulent 
slip was calculated using the formule given in the 
Williams and Bruce paper and also the formule given 
in the paper by Hall, Thompson, and Nuss, for com- 
parison purposes. For laminar slip calculations, the 
formule given in the latter paper were used. Tables 
X-XVI summarize the results of the calculations. 
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TaBLe XIII 
Flatwise Slip Velocity (uncorrected for * edge” effect) of 
Particles in Turbulent Flow Conditions for Low Weight 
Mud Series 


Oritieal Particle diameter, ft 
| velocity 
| Lield in 12- 
Sp. gr valne, | inch | 0°02 | 0-04 | 0-08 | O16 
sq. ft. lineh drill 
pipe, Slip velocity, ft sec 
ft/sec 
| 
109 | 23 | 96 | 4-33 | 0-66 | 0-94 | 1-33 | 1-88 | 2-30 
108 | 29 | 12-4 4-98 0-67 | 0-95 | 1-34 | 1-90 | 2-33 
1-09 20 | 145 | 518 | 0-66 | 0-94 | 1-33 1-88 | 2-30 
1-10 27 143 | 5-26 | 0-66 | 0-93 | 1-31 | 1-86 | 2-27 
1-12 31 20-4 | 618 | 0-65 | 0-92 | 1-30 | 1-88 | 2-24 
1-09 27 19-8 610 | 0-66 | 0-94 1-33 1-88 | 2-30 
1-20 29 37-5 7-81 | 0-61 | oe | 1-22 | 1-72 | 2412 
1:20} 29 39-3 | 8-00 0-61 | 0-86 | 1-22 | 1-72 | 2-12 
1-28 | 7 | 41-4 1-44 | 0-58 | 0-81 | 1-15 | 1-63 | 1-99 
110 | 7 | #18 | 1-83 0-66 | 0-93 | 1-31 | 1-86 | 2-27 | : 
112; 13 68 | 3-47 0-65 | 0-92 | 1:30 | 1-83 | 2-24 | 3 
1-27 8 1:8 | 169 | 0-58 | 0-82 | 1-16 | 1-64 | 2-01 | 2-35 
1-08 | 15 5-8 8-31 | 0-67 | 0-95 | 1-34 | 1-90 | 2-33 | 2-69 
120 | 17 27:2 652 | 0-61 | O-86 | 1-22 | 1-72 | 2-12 | 2-4 
1-19 | 7 29-3 | 6-62 0-62 | 0-87 | 1:23 | 1-74 | 2-14 | 2-47 
1-08 12 13-5 | 4-84 | 0-67 | 0-95 | 1-34 | 1-90 | 2-33 | 2-69 
122} 11 26-4 | 630 | 0-60 | 0-85 | 1-21 | 1-71 | 2-09 | 2-42 
1-20 13 15-2 1:88 | 0-61 | 0-86 | 1-22 | 1-72 | 2-12 | 2-44 
1-20 10 29:4 6-63 | 0-61 | 0-86 | 1-22 | 1-72 | 2-12 | 2-44 
1-20 19 | 23-9 6-06 | 0-61 | 0-86 | 1:22 | 1-72 | 2-12 | 2-44 
1:20 | 13 3-5 2-45 | 0-61 | 0-86 | 1-22 | 1-72 | 2-12 | 2-44 
1-22 19 24:8 618 | 0-60 | 0-85 | 2-21 | 1-71 | 2-09 | 2-42 
1-22 14 15-9 1-94 0-60 , O85 | 1-21 | 1-71 | 2-09 | 2-42 


Formule after Williams and Bruce 


for } 


TaBLe XIV 
Correction for “* Edge” Effect for Particle Slip under 
Turbulent Flow Conditions 


Particle diameter, ft 


Hole-dril! | Hydraulic of | 
pipe | D annulus | 9°02 | 0-04 0-08 0-16 0-24 


Slip velocity, ft/sec 


Uncorrected figures for Ist mud, | 0°66 | 0-94 | 1-33 | 1-88 | 2-30 | 2-66 
Table XTIL | | | | 


174-in/6g-in | 0-9062 0-450 0-65 | 0-90 22 | 160 | 1-82 | 1-96 


1-22 | 
12-in/54-in | 05417 | 0-270 | 0-64 | 0-87 | 1-26 | Te) Tor 
}-in/4}-in | 0-3333 | 0-166 | 0-62 | O84 | 1-07 7 | 1-34 | 1-35 
6-in/3}-in | 06-2083 | 0-104 | 0-60 | 0-79 | 0-96 


| 107 | 1-05 


Note :—The figures enclosed by thick line are theoretical only as size of annulus 
is smaller than particle diameter. 


Formule after Williams and Bruce 


where : V", = uncorrected slip velocity, ft/sec ; 


Ve = corrected slip velocity, ft/sec ; 
d = particle diameter, ft; 
D = equivalent diameter of annulus or 4 « hydraulic radius. 


Lime Mud Series 


From an examination of Tables X, XI, and XII it 
is seen that : 


(a) The flatwise slip velocities calculated for 
turbulent flow conditions using either formule 
(Williams and Bruce, or Hall, Thompson, and 
Nuss) agree well. 

(b) The slip velocity for turbulent flow condi- 
tions is less than the critical velocity even when 
the particles are as large as 0-32 ft in diameter. 

(c) The slip velocity for laminar flow conditions 
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for the smaller particles, approximating to drilled 
cutting sizes, is less than for turbulent flow 
conditions. 

(d) The slip velocity for laminar flow conditions 
for the larger particles is much greater than for 
turbulent flow conditions for the lower mud 
weights; the larger the particle, the higher the 
mud weight required to produce a laminar slip 
velocity equal to the turbulent slip velocity. 


Taste XV 


Slip Velocity of Particles under Turbulent Flow Conditions 


for Low Weight Mud Series 


Critical 
Particle diameter, ft 
12 
Yield in 
Vlasti h inch 
Ib/ hd | 
“q ft ri 
pipe 
mnnulus Slip velocity, ft/sec 
ft/sec 


23 0-39 0-62 2 
29 O-37 0-62 
2 | 0-39 | 0-63 2 
27 2-3 
S1 0-36 2-4 
27 O-38 0-62 2-32 
29 3 O55 217 
29 39-3 | | O34 | 0-55 2-17 
| 7 } 1-4 0-37 | 0-60 2-42 
| 7 1s | 0-43 | 0-69 2-72 
13 68 | | O-41 0-64 2-48 
8 1s | | O38 | 0-61 | 2-32 
15 0-41 0-66 | 2-58 
| 17 27-2 «| 0-38 | 0-58 2-37 
| 7 } 293 | 0-42 | 0-65 | 2 
| 12 13-5 | 0-42 0-63 2- 
lt | 26-4 | 0-38 | 0-60 | 2-3 
33 | «616-2 | 0-37 | 0-59 
1 | 294 | 0-40 | 0-64 2 
12 | 23-9 0-39 | 0-60 2! 
0-37 | 0-59 
19 24-8 0-36 | 0-58 
14 15-9 0-38 0-59 2-33 


Formule after Hall, Howard, and Nuss 


Taste XVI 
Slip Velocity of Flat Particles under Laminar Flow 
Conditions for Low Weight Mud Series 


Particle diameter, ft 
in 12- 
viscosity, alue hole-b4j-| 0-02 | O04 | | | 
pipe 
unnulus,| Slip velocity, ft/sec 
| ft/sec 
23 | 0-02 | 0-12 | 0-56 | 2-42] lot 
a0 } O07 | O41 7-82 
27 3 | 0-06 | 0-30 86 
| 31 | 4 O02 | 0-16 42 
27 8 0-03 | 0-20 #11 
29 5 | 146 
29 30-3 | 1-36 
7 14 |} 0-26 | 1-10 1-51 74-0 
7 1:8 | 0-27 | 1-12 | 4-62 42 75-6 
13 6-8 0-30 1:33 12 23-1 
8 1-38 | O91 8-75 34 61-4 
15 5-8 3 OK 0-3 1-35 12 23-1 
17 27-2 6-52 O-O1 O17 2 4-35 
| 7 29-3 6-62 O-OL | 0-36 5 9-47 
12 13-5 184 | O14 | O75 | 3-38] 7 14-2 
a 26-4 | 6-30 0-02 | 0-26 | 1-41 6-40 
12 15-2 1-88 0-52 2-41 
10 20-4 6-63 | OOL | 0-25 | 1-41 | 6-50 
| 12 23-9 6-06 0-03 | 0-30 1-54 69 
13 2-45 O47 1-98 8-16 
19 6-18 | | 0-17 Oo 
14 9 194 0-08 0-46 2-1 9-2 


Formule after Hall, Thompson, and Nuss 


1-09 
1-8 
1-09 
1-10 
1-12 
> 1-20 
1-20 
1-28 
1-10 
1-12 
4 
1-08 
1-20 
1-19 
1-08 
1-22 
1-20 
1-20 
1-22 
| | 
| Sp. er 
1-09 
1-08 
1-09 
1-10 
1-12 
| 
1-20 
1-28 
1-10 4 
; 1-12 3 
| 27 
1.08 
| 1-20 
{ 
1 
1 4 
1-23 
A 
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Low Gravity Mud Series 


From an examination of Tables XIII, XV, and XVI 
it is seen that : 


(a) The flatwise slip velocities calculated for 
turbulent flow conditions using either formule 
agree well. 

(6) The slip velocity for turbulent flow condi- 
tions, except for three isolated cases, is less than 
the critical velocity even when the particle is as 
large as 0-32 ft in diameter. 

(c) The slip velocity for laminar flow conditions 
for the smallest particles (0-02 to 0-04 ft diameter) 
is less than for turbulent flow conditions. 

(d) The slip velocity for laminar flow conditions 
for the larger particles is greater than for tur- 
bulent flow conditions and is usually greater than 
the critical velocity. 


Table XIV illustrates the effect of correcting the 
slip velocity for turbulent flow conditions (Williams 
and Bruce formule) for the “ edge ”’ effect introduced 
by varying the hole size—drill pipe combination. 


GENERAL CONCLUSIONS 


From an examination of the calculations presented, 
it is apparent that the removal of drilled cuttings, up 
to about 4 inch average diameter, presents no problem 
under either turbulent or laminar flow conditions for 
any mud weight as long as a minimum annulus velocity 
of about one ft/sec is maintained. The importance of 
ensuring that this minimum velocity operates at all 
points in the hole cannot be too strongly emphasized, 
and the annulus velocity should be adjusted for the 
greatest ‘“‘ over gauge ”’ portion of the hole. 

For larger cuttings and, in particular, caved 
material, turbulent flow appears to be essential for 
low gravity muds, and an annular velocity of 150 to 
180 ft/min can be expected to maintain a clean hole, 
providing the critical velocity is below this limit. 
Unless the critical velocity can be exceeded, laminar 
flow conditions prevail, resulting in an aggravated hole 
condition, since the largest caved particles will not be 
removed from the annulus. A partial remedy would 
appear to be an increase in the yield value of the mud, 
but whilst this may result in the removal of some of 
the larger particles, the tendency to deposit caved 
material into hole enlargements will be increased, due 
to the formation of a greater velocity differential 
across the annulus. 

If laminar flow has to be accepted from limitations 
in pump pressure required to produce turbulent con- 
ditions, then it would appear advisable to minimize 
the velocity gradient across the annulus by keeping 
the yield value and plastic viscosity of the mud to 
minimum values, and increase the mud weight, rather 
than increase the viscosity. 

The most noticeable feature in these slip velocity 
calculations is the overriding effect of increased mud 
weight. At mud weights above 2-0 sp. gr., although 
the critical velocity is not usually attainable in prac- 


tice, the slip velocity of even the largest particles 
under laminar flow conditions is no greater than that 
under turbulent conditions. 

In the event of caving difficulties being encountered 
which do not respond to alteration in drilling technique 
or mud type, i.e. conditions which are functions of 
formation structure, the following remedies would 
appear to offer the best possible chances of maintain- 
ing a clean hole : 


(1) Maintain a low viscosity to keep the critical 
velocity as low as possible. 

(2) If pump capacities and pressure limitations 
permit, circulate the annulus at a rate higher 
than the critical velocity to encourage turbulent 
flow pattern. 

(3) Increase mud weight within the limits 
allowed by the critical velocity and pump limita- 
tions whilst still maintaining turbulent flow. 

(4) If pump limitations and hole size preclude 
the establishment of turbulent flow conditions, 
and this is invariably the case when penetrating 
abnormally pressured marl formation at depth 
with heavy muds, circulate, at the maximum 
possible rate, a mud of minimum viscosity at a 
mud weight which satisfies possible limitations 
applied by pump pressure and formation loss 
considerations. In this connexion the import- 
ance of drill pipe rotation should be emphasized, 
since its effect is to reduce channelling of the mud, 
with subsequent trapping of debris in the qui- 
escent section of the annulus. 


Finally, it is worth recording that in recent opera- 
tions in a deep well,’ which penetrated over 4000 ft 
of steeply dipping formation under abnormal pressure 
conditions, necessitating the application of heavy 
muds seldom less than 2-1 sp. gr. and frequently as 
high as 2-30 sp. gr., good recovery of caved debris, 
frequently 4 inches in diameter, was achieved with 
low viscosity limed mud, indicating the excellent 
carrying capacity of this extremely mobile fluid. 
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DISCUSSION 


G. P. Laird: Trends in the industry, first to jet drilling, 
and perhaps later to the turbine, make it most important 
that one should know more about those mud properties 
which control flow characteristics. In regard to the 
turbine, it is considered that Mr Cooke’s reference to 
optimum drill pipe sizes is particularly significant, and it 
would be very interesting to know more precisely what 
“optimum sizes” really amount to. From a practical 
point of view, the conventional rotary system imposes 
many limitations in this respect, but, with the turbine, 
the specifications of the drill pipe can be changed very 
considerably. In fact, it is believed that one of the main 
reasons behind the Russian use of the turbine was the 


difficulty in obtaining drill pipe which was strong enough - 


for drilling in the conventional way. 

Mr Cooke’s paper is a particularly valuable contribu- 
tion, as it discusses the hydraulics of mud flow in relation 
to a specific problem, one which has been with us for a 
very long time, and one which is, in some areas at any 
rate, a very major one. I refer to the problem of caving 
hole trouble. The author has shown us that turbulent 
flow is more efficient than laminar flow in cavings re- 
moval, but that as the mud weight increases, it is the mud 
weight which becomes the overriding factor, rather than 
the type of flow. This is particularly interesting to me 
because in Trinidad we have a problem in a long shale 
section, which we first attempted to drill using a 95 lb/cu. 
ft. mud, and every time we ran into serious trouble with 
caving and hole difficulties. These we were able to over- 
come by raising the weight of the mud up to 115-120 
lb/cu. ft., but the use of these excess mud weights pre- 
sented other difficulties, and were disadvantageous in 
many ways. In order to try to get away from these 
difficulties we reverted to the use of 95 Ib/cu. ft. mud for 
one well, but on this occasion conditions were arranged 
to ensure that turbulent flow took place in the annulus 
during drilling. However, this approach was unsuccess- 
ful, the trouble recurred and persisted, and eventually 
a string of pipe was lost. It was necessary to go back to 
the use of heavy mud, and this time it was introduced 
before the trouble was encountered. It was found that 
when this was done, either the trouble did not occur at 
all, or if it did, it was of minor importance. 

This experience suggests that whatever the merits of 
turbulent flow, there are many cases in which it is far 
better to raise the mud weight at the expense of the other 
properties of the mud, even though this may preclude the 
chances of attaining turbulent flow. At the same time, 
it suggests that raising the weight of the mud is not only 
a corrective, but is also a preventive, and I should very 
much like to hear any views on this aspect of the problem. 


P. W. Cooke: Answering first your request for more 
information on optimum drill pipe size, this aspect of 
mud hydraulics is perhaps best illustrated by considering 
the internal pressure loss per 1000 ft of drill pipe of 
various standard sizes. Selecting 150 ft/min as a useful 
and effective annulus velocity inside a 12}-inch hole, the 
actual pressure losses per 1000 ft inside the drill pipe are 
shown in the Table below. 

As would be expected, the pressure losses are inversely 
proportional to the fifth power of the pipe internal 
diameter for a given throughput. 

It does illustrate that one has to be very careful in 
selecting the optimum circulation equipment, and this is 
particularly important when choosing drill pipe and 
selecting the drill collar bore. When jet bit drilling, in 
which one aims at attaining a nozzle fluid velocity of 200— 


VOLUME 43, NUMBER 399— MARCH 1957 


250 ft/sec, the pressure loss through the bit is easily 
determined and remains constant throughout all one’s 
calculations. So one can only minimize the final pressure 
loss for a given throughput by carefully selecting the 
drill pipe, surface equipment, drill collar bore, and, in 


Internal pressure loss per 
1000 ft of pipe at a through. 


D.P. size put producing an annulus 
velocity of 150 ft/min in a 
12}-inch hole, p.s.i. 

5}-inch I.F. 58 
54-inch Tubing. 50 
5-inch Xtra hole . ; ; 106 
4}-inch F.H. 220 
4}-inch Tubing. 154 
4-inch Slim hole . , : 488 
4-inch Tubing. : 308 
34-inch Slim hole 1220 
34-inch Tubing. 704 


fact, choosing any part of the circulation system to have 
the maximum bore, within practical limitations. By 
this means, one is able to concentrate the greatest pro- 
portion of available pump hydraulic horse-power at the 
bit, which is where it is needed. 

With regard to turbulent flow v. mud weight for com- 
bating caving, I have tried to distinguish in this paper 
between abnormal caving, i.e. caving which is a function 
of abnormal formation conditions, and the caving which 
one can often cure by altering other factors, such as 
decreasing the fluid loss of the mud, or by changing the 
drilling practice. Now, when one meets abnormal cav- 
ing, it is very often accompanied by pressure conditions 
requiring heavy mud. That is why the attainment of 
turbulence is seldom achieved and this puts a limitation 
to the conclusions that I have drawn. I do not think 
that I can say more except that when one has to apply 
heavy muds and cannot obtain turbulent flow, then | 
maintain that one should try to keep the viscosity as low 
as possible and achieve the maximum throughput. 


W. L. Wilkinson: In Newtonian flow in pipes it is 
well known that the onset of turbulence takes place at a 
Reynolds Number of about 2000. However, in the flow 
of non-Newtonian fluids the same criterion may not 
apply. (There is also the inherent difficulty in the defini- 
tion of Reynolds Number that the viscdsity is not con- 
stant but is a function of the rate of shear.) In fact, it is 
more likely that turbulence does not commence until the 
Reynolds Number is considerably greater than 2000. 
In any case there is strong experimental evidence that the 
transition zone is much wider than for Newtonian flow, 
i.e. the change from laminar to fully developed turbulence 
does not take place over a narrow range of Reynolds 
Numbers (e.g. 2000-3000 for Newtonian flow) but may 
extend to Reynolds Numbers in excess of 25,000. In 
such cases there is the possibility that the flow in certain 
parts of the system, e.g. a pipe, may be turbulent and in 
others laminar. 

It is suggested, therefore, that the calculations on p. 72 
which predict the critical velocities for turbulent flow 
could be misleading, and turbulent conditions in the 
annulus may be even more difficult to achieve than the 
paper suggests. 


P. W. Cooke: I would agree that in the case of non- 
Newtonian fluids, a Reynolds Number of 2000 is probably 
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too low to expect the onset of turbulence. The effect on 
the critical velocity of increasing the feynolds Number 
is shown below : 


Reynolds Number 


Pipe LD. 
inches 

2000 3000 4000 5000 
2 3-40 4-40 5-28 6-12 
3 3-16 3°98 4-72 5-41 
4 3-04 3:78 4-48 +10 
5 2-98 3-68 4°35 4-90 
6 2-38 3-61 4-22 4-80 
2-87 3-60 4:15 ‘72 
2-82 3:54 4-12 4-65 
2-80 3-48 4-08 4-62 


Critical velocities in ft /see for 1-2 sp. gr. mud : 
n 
5 


cP plastic viscosity 
Ib/100 sq. ft. vield value 


The figure of 25,000 seems rather high, but I do 
remember seeing 10,000 suggested as a possible figure at 
which the change-over from streamline to turbulent flow 
could be expected. The use of 10,000, or even 25,000 
would in any case increase all the critical velocity figures 
given in Tables V and VI, and would not affect the main 
argument, namely that whilst turbulent flow is desirable, 
it is seldom achieved in practice. It is all a matter of 
degree. It has been the custom in past literature on 
mud flow to employ Reynolds Number values of 2000 and 
3000 when calculating critical velocities. One further 
point is that with modern low viscosity lime muds of 
extreme mobility and very little, if any, yield value, the 
onset of turbulent flow might well occur at quite low 
values of the Reynolds Number, since the flow character- 
istics of such muds are almost Newtonian. 


Dr E. B. Evans: 2000 is the normal “ change-over ” 
value for ordinary liquids. What is the evidence for 
using 2000 in this particular type of system? Is it just 
that you are taking the normal change-over value, or is 
there evidence that it applies to these mud systems? 


P. W. Cooke: I agree that there is little, if any, 
evidence that the figure of 2000 can be directly applied to 
mud systems. Previous contributors in this field have 
taken the figure applicable to Newtonian fluids and 
applied it to muds, since we are more interested in 
determining relative values rather than actual values of 
the critical velocities. 


Dr E. B. Evans: Then there has not really been 
enough detailed work on the viscous properties of these 
suspensions? 


P. W. Cooke: I think that is generally true. 


N. Healey: While agreeing with the author’s calcula- 
tions and his arguments about the advantage of turbulent 
flow in the lifting of cuttings and cavings, I think it is the 
experience of most people who have worked extensively 
with drilling fluids (and certainly it is common practice 
in many areas throughout the world, e.g. the U.S.A., 
South America, and Indonesia) that when very serious 
caving conditions are encountered, one of the first actions 
taken is to increase the viscosity of the drilling fluid to 
induce laminar flow. This has regularly been successful 
in eliminating caving. By this, I do not simply mean a 
mere efficient removing of cuttings, but an actual stabiliza- 
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tion of the hole, so that no further caving occurs. Once 
the drill pipe is removed from the hole, the latter becomes 
clean, and no difficulty is experienced on running in again. 
Hence, what I am interested in is how far the suggestions 
you mention at the end of the paper for overcoming 
caving are based on theoretical considerations and to 
what extent on actual experience. 


P. W. Cooke: The paper has a concluding paragraph 
on recent operations in a deep well, work on which first 
made me give serious thought to the subject of this paper. 
There, we did, in fact, have 4000 ft of caving problems, 
since we were drilling in abnormally pressured marl down 


a very steeply dipping and frequently vertical flank of 


the structure. The weight of the mud was between 1-9 
and 2-2 sp. gr. throughout the whole of the caving section. 
Low viscosity, very mobile lime mud was used, and 
cavings as large as 3-4 inches in diameter were easily 
recovered at the surface. The mud weight may have 
been the overriding factor, but if there was no turbulent 
flow, at least there was a low viscosity, varying from 40 
to 60 sec Marsh Funnel for a 2-1 to 2-2 sp. gr. mud. I 
would not consider 60 see a high viscosity. There are 
reports of areas in the U.S.A. and Canada where viscosi- 
ties as high as 200-300 sec Marsh Funnel have been used. 
I cannot see the necessity for such high figures, and I have 
discussed this point with many operators. My feeling is 
that, usually, these high viscosities result from chemically 
treating the mud to improve some other factor, such as 
the fluid loss, and it could well be that any reported hole 
improvement was not due to the viscosity increase but 
to the change in some other mud property. Whether or 
not to increase the viscosity is the controversial part of 
the paper and one of the very reasons that I wrote it. 1 
have talked to many mud experts, and it is evident that 
there are two distinct camps, as it were: those who 
support a high viscosity to alleviate caving difficulty and 
those who would rather maintain a low viscosity. My 
views agree with the latter, and I should add that we are 
probably in the minority. 


N. Healey: I would say, with reference to the con- 
cluding remarks in the author’s reply, that the increases 
in viscosity were definitely purely increases in viscosity 
and did not involve any other properties of the drilling 
fluid. The reduction of filter loss is normally the first 
thing one would try to improve hole conditions. Next, 
one would increase viscosity, and finally one would effect 
an increase in the mud weight. ‘This is tried last, as it is 
the most expensive method. 

From practical experience, I would say that viscosity 
increase alone can give results in overcoming caving, 
since the water loss was almost invariably extremely good, 
both before and after the viscosity change. 


G. K. Jones: Could I suggest a reconciliation between 
the two schools of thought? Drilling muds can be con- 
sidered as Bingham bodies. Simultaneous decrease of 
the yield value of the mud and increase of the pumping 
rate will create turbulent flow, with a flat velocity profile 
in the annulus, a condition which seems to be well suited 
to the removal of cavings from the hole. A similar 
velocity profile can, however, be created by increasing the 
yield value of the mud to a high level and reducing the 
pumping rate : under these conditions plug flow will be 
induced, particularly in enlarged sections of the hole, 
with the characteristic flat velocity profile encountered in 
plug flow. It is only in the intermediate zone of mod- 
erate mud yield value and pumping rate that a parabolic 
velocity profile will be encountered, and it may be that 
this is the one flow region which must be avoided under 
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caving conditions, in that detritus is not easily brought 
to the surface, but migrates to the low velocity regions in 
the annulus, where accumulation creates a potential 
drilling hazard. 


P. W. Cooke: I would agree partly with the remarks of 


Mr Jones, and I neglected to point out that portion of the 
curve showing plug flow characteristics. There is the old 
remedy when one encounters caving difficulties, especially 
in lost circulation zones, of putting into circulation an 
extremely viscous plug. Whether, in fact, it travels up 
the annulus in the form of a plug and has plug flow 
characteristics, it is not possible to say. This technique 
is also used on occasion to obtain cutting samples when 
lost circulation is experienced. If, however, we accept 
the fact that there is a velocity differential across the 
annulus with laminar flow conditions, then particles must 
be transported to the flow edges and left behind. With 
really thick viscous mud, these particles, after deposition 
into hole enlargements, are held in position by thick 
gelled mud and do not thereafter give any trouble. The 
chances of recovery are certainly reduced under laminar 
flow conditions, and my calculations were designed to 
remove them rather than leave them in, since any 
material left in the hole is a potential hazard at a later 
stage. I must agree that plug flow could explain the 
action of high viscosity mud in frequently improving hole 
conditions when caving problems are encountered. 


L. A. Bushe: In dealing with the removal of cavings 
from the well, the author says that the best place for the 
cavings is on the surface, and he suggests that if they are 
not removed from the annulus (between the drill pipe and 
the wall of the hole) they will remain a hazard. While 
it is agreed that, generally speaking, it is desirable to 
remove both drilling detritus and cavings from the mud 
stream, I disagree with him if he means that unless all 
such particles are removed they will necessarily constitute 
a hazard to drilling progress. When caving has taken 
place and sections of enlarged, or over-size, hole are 
present I do not think we need be alarmed if particles of 
the cavings are deposited into these hole enlargements ; 
indeed, I would even suggest that these particles may 
assist, in conjunction with increased viscosity and weight 
of the mud (where this is practicable), in sealing off the 
dangerous portions of the hole. Should such a sealing 
effect be obtained by these means, it is, of course, im- 
portant that every care is taken to ensure that sudden 
and drastic changes are not subsequently made in the 
weight, viscosity, or velocity of the mud in the annulus 
which might disturb the stability of the hole and induce 
further caving of the same section. 

In regard to the drilling equipment, Mr Cooke mentions 
particularly the C.350 pump and shows that under 
certain conditions of hole and mud this pump does not 
have the capacity to produce an annulus velocity of 150 
ft/min, which is required to obtain turbulent flow. It 
might appear from the paper that the limitations of the 
pump are due to the maximum discharge pressure recom- 
mended by the makers, whereas it is, of course, possible 
to increase the pressure above the stated figure of 1040 
p.s.i. by fitting smaller liners to the pump and accepting a 
lower throughput of mud. 

Reference is also made in one of the diagrams to the 
G.7000 pump, which description might lead the unin- 
formed to assume that this pump has twice the capacity, 
both as to volume and pressure, of the C.350 pump for 
a similar liner size. This is not the case, owing to the 
shorter stroke of the larger pump. 

For the above reasons it is suggested that it would be 
clearer if the author always described a pump by its liner 
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diameter and length of stroke (e.g. 7} inches 18 inches, 
6}inches « 18 inches, etc.) and not by the manufacturers 
number of a particular model. 

To revert to some of the aspects of drilling muds, 
members might be interested to hear something about 
the deepest well in Trinidad, which has been drilled to 
more than 16,000 ft and with casing cemented at 9000 ft 
carried over 7000 ft of 84-inch diameter open hole before 
completion. A lime—starch oil emulsion mud was used, 
and below 10,000 ft the mud weight was maintained at 
130-135 lb/eu. ft., while considerable variations were 
made to the viscosity, gel strength, and water loss of the 
mud. 

Although deep drilling in Trinidad is notoriously 
difficult owing to the frequency of stuck drill pipe, the 
drilling of this well seems to indicate that by careful mud 
control and drilling technique this difficulty can be 
avoided and good drilling progress made, for even below 
15,000 ft a penetration rate of 8 ft/hr was obtained with 
a pump throughput as low as 300 gal/min, the pump 
pressure being around 1800 p.s.i. 

I agree with the author in stressing the importance of 
drill pipe rotation to reduce channelling of the mud, but 
would add the caution that there is considerable danger 
of sticking the pipe if it is rotated for a long period in one 
spot. As is well known, a rotary-drilled hole is never 
truly vertical, with the result that the drill pipe bears 
more or less heavily against the wall of the hole in the 
numerous irregular sections of the borehole, and if it is 
merely rotated there is a great danger of * key-seating ”’, 
even though free mud circulation may be maintained. 
I would therefore suggest that vertical movement of the 
drill pipe at frequent intervals is just as important as 
rotation, and that this technique should be employed 
whenever there is a danger of stuck drill pipe, either from 
caving or from any other cause. 


P. W. Cooke: The query on pump capacity is best 
answered by referring to the following figures, in which 
pump output is plotted against the maker’s recom- 
mended maximum pump discharge pressure. This sort 
of diagram I have found to be most useful when making 
hydraulic calculations. ‘The pump capacity lines on the 
diagrams take care of all possible liner size changes. 
Consider, for example, Fig 4, illustrating the calculated 
pressure loss in a well with which I was associated, with 
a 143-inch hole at 4000 ft. The first and most obvious 
point to notice is the great saving in pump pressure that 
can be made if the circulation equipment (drill pipe size, 
drill collar bore, ete.) is carefully selected. Thus, for 
example, to obtain an annulus velocity of 180 ft/min, 
requiring high throughputs, with the actual equipment 
on the site, two G.1000 pumps (8} inches x 16 inches) 
are hardly sufficient, but with optimum equipment, the 
resultant pump pressure is well inside the capacity of 
two C 350 pumps (7} inches x 18 inches). The second 
point which the figure illustrates is the comparison of 
pump hydraulic horse-power for several pump types. 
Thus the maximum throughput with the largest liner 
size at the maker’s recommended maximum speed of two 
G.700 pumps (8 inches x 14 inches) is slightly less than 
that of two C.350 pumps (7} inches x 18 inches), but 
for the smaller liner sizes the G.700 has about 860 p.s.i. 
higher pressure rating above a C.350 pump, and this is 
where a G.700 pump scores over a C.350 pump. Figs 
5 and 6 illustrate the calculated pressure loss in an 84-inch 
hole at 12,000 ft employing either conventional bits or 
jet bits for mud weights up to 2-3 sp. gr., at annular 
velocities varying from 90 to 180 ft/min. Equipment 
selected for the calculations was 44-inch surface lines and 
standpipe, 34-inch bore hose, 23-inch bore kelley, 200 ft 
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of 23-inch bore drill collars, and 44-inch full hole drill 
pipe. A nozzle fluid velocity of 100 ft/sec was assumed 
for conventional bits and 250 ft/sec for jet bits. 

Finally, I would agree with Mr Bushe about the 
reciprocal motion of the pipe, but repeat that I do not 
think the importance of drill pipe rotation to remove 
debris is sufficiently realized. 


E. A. E. Nichols-Roth: I should like to ask the author 
whether he has any practical suggestions ; in the case of 
caving, near the bottom of the hole, it is not always eas) 
to diagnose immediately whether this is due to geological 
causes or to some change in drilling practice, whichever 
may have taken place. 

The driller’s first reaction is undoubtedly to try to pull 
his string back above the caving ; but, if he does that, he 
loses the one great advantage which he might have had 
(according to the author) in leaving the string down 
below and continuing to rotate, to try to clear the 
obstruction through his mud flow. 

I quite agree that the usual method of retracing the 
hole is to feed down as carefully as possible, using the 
mud flow at maximum velocity and minimum viscosity. 

If this method, advocated by Mr Cooke, does not meet 
the case in point, the string will have to be withdrawn 
and washed down again with quite a different bit—a 
solid, fish-tail, or chopping bit, for instance; to go 
through this obstruction by some mechanical means. 

Would Mr Cooke suggest dependence on the hydraulics 
to that extent; to leave the string at the bottom of the 
hole, continue to rotate, and try to clear the obstruction 
in the first stance through the mud flow; realizing, 
however, that in doing so one might lose the chance to 
pull back before jamming the string? 


P. W. Cooke: This is indeed a problem, but one with 
which drilling personnel are frequently faced. One 
point to remember is that the clearing of the debris will 
have to be done eventually and before further drilling 
progress can be achieved. I am of the opinion that 
before pulling back, little harm can result in trying a few 
remedial measures. The problem is relative to the type 
of caving. Altering, for example, the mud properties at 
such a moment is frequently not to be recommended and 
indeed, even if desired, takes time. There would appear 
to be no harm in achieving the maximum circulation rate 
to see if the hole condition can be improved. Under 
abnormal conditions of caving, the natural reaction is to 
come off bottom frequently, but I can also recall occa- 
sions when we persevered on bottom. My experience, 
since I am not a driller, is probably insufficient to decide 
between the two methods. 


E. A. E. Nichols-Roth: I particularly had in mind 
exploration drilling, where one does not carry a second 
string very often. 


P. W. Cooke: I would like to pass your comments to 
someone more versed in actual drilling experience. My 
opinion would be to stay on bottom and circulate, but 
this could be hazardous under certain circumstances. 
Frequently, the technique which I have seen employed is 
to pull back for safety, and either increase mud viscosity, 
or alter some other mud property, or indeed, change the 
mud type and then go down and try again. 

The mud engineer can usually only recommend a 
course of action. Whether drillers accept this advice 
or not is often dependent on their relative experiences in 
difficult formations. Perhaps the best answer is to say 
that individual cases merit individual action. 
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G. P. Laird: I would like to ask whether the reference 


” 


to “pulling up” means coming up off bottom for a 
short distance and maintaining circulation or pulling a 
number of stands, thereby interrupting circulation. 


E. A. E. Nichols-Roth: I mean pulling back past the 
caved portion of the hole, whilst maintaining circulation, 
unless, of course, the distance necessitates breaking the 
string and interrupting circulation. 


G. P. Laird: I cannot see that there would be any harm 
in pulling back a short distance while maintaining cir- 
culation. The first indication of trouble occurring might 
be the appearance of the cavings on the screen, possibly 
a labouring of the rotary table, and in very extreme cases 
some pressure rise, accompanied by a reduction in the 
weight of the string. If the occurrence of caving is 
severe enough to affect the hydraulic system, there is a 
danger of the string being pumped up hydraulically, and 
it may then become necessary to shut down the pump. 
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It is better not to run this risk if it can be avoided by 
pulling back up. I think that pulling back a short 
distance is the best course and if, after a circulation 
cycle, no further caving shows up on the screen, it can 
then be established that no cavings are coming irito the 
hole except within the last thirty feet or whatever is the 
distance pulled. Caving can show up in a mud stream, 
but nobody can be certain that it has necessarily come 
from the bottom. 


Dr E. B. Evans: I should like to thank Mr Cooke for 
his very interesting and ably presented paper. He has 
told us that he wrote the paper largely with the object of 
stimulating a discussion, and in addition to the very 
excellent presentation of his own views, he has certainly 
succeeded admirably in doing this. 


The meeting then closed with a warm vote of thanks 
to the author of the paper. 
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OVERALL AND LIQUID FILM EFFICIENCIES IN A KASKADE 
COLUMN * 


By F. H. GARNER,+ O.B.E. (Past-President), S. R. M. ELLIS,+ and E. S. LUXON ¢ } 


SUMMARY 


Overall efficiencies in the Kaskade tray are presented for the systems methylceyclohexane—toluene and methyl— 
alcohol—water and liquid film efficiencies for the desorption of oxygen from water. At total reflux, the gas film 
resistance for all these systems decreases with increasing vapour velocity, whereas the liquid film resistance 


remains relatively constant. 


NOMENCLATURE 


Dt Liquid film diffusivity 
Ea Overall gas or vapour efficiency 
Ey, Liquid film efficiency 
Ni Number of liquid film transfer units 
Nuc Number of liquid film transfer units at ¢° C 
Nigo’c Number of liquid film transfer units at 20° C 
Ne Number of gas or vapour film transfer units 
G Mass vapour velocity, lb/hr/ft* 
V Linear superficial velocity, ft/sec 
L Liquid rate, lb/hr/ft? 
Lary Concentration of oxygen in p.p.m. entering the tray 
Le Concentration of oxygen in p.p.m. leaving the tray 
z,* Equilibrium concentration of oxygen in p.p.m. 
leaving the tray in p.p.m. 
INTRODUCTION 


Tue tendency in recent years to develop new vapour— 
liquid contacting plates and packings has led to 
special interest in their performance and limitations. 
The Kaskade tray was introduced in 19431 as an 
attempt to overcome the low capacity limitations of 
the bubble-cap tray. The Kaskade, together with its 
successor, the Benturi, has been widely adopted in the 
chemical and petroleum fields, and over 350 com- 
mercial installations have been reported.” 

The competition between these and other new 
designs, such as the Turbogrid,® Kittel tray,’ Spray- 
pak,® Parapak,® and the improved designs of the 
bubble cap and perforated plate makes the selection 
of the best contacting means for a specific service of 
utmost importance. This selection can be carried 
out satisfactorily only when sufficient data on 
efficiency, flexibility, capacity, pressure drop, and cost 
are available. 

Results have been previously reported for the 
systems methylcyclohexane—toluene and ethy] alcohol- 
water.’ This work is now extended to higher boil-up 
rates, and results are reported for the desorption of 
oxygen from water. 


APPARATUS 


The apparatus consisted of a six-plate distillation 
column and a single-plate unit used for the oxygen 
desorption tests. Identical trays were used in each 
unit. Details of the tray have been previously 
reported,’ 


DISTILLATION COLUMN 


A flow diagram of the distillation unit is given in 
Fig 1. The solvent from reboiler (A) passes through 
the column (B) to the condenser (C), the overheads 
being returned to the column via the nest of rota- 
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meters (D) and a reflux measuring device (E). The 
cooling water is measured in the rotameter (F), and 
from the condenser is passed to a drain through a 
small tank (G), which incorporated a float-controlled 
electrical cut-out. The reboiler was fitted with a 
sight glass (H), a magnetic valve (1) being in the con- 
necting line. Another cut-out (J) was controlled by 
the reboiler level. 
Details of the distillation column were as follows : 


Number of trays 

Tray spacing . ‘ . 16 inches 
Cross-section of tray . 8inches x 2 ches 
Total slot area . ‘ ‘ - 28q. in. 
Downcomer cross-section . 26q. in. 


Experimental Details 


The time required to reach equilibrium was ascer- 
tained by continuous sampling from the trays of the 
column until the composition on each tray was con- 
stant. The times required to reach equilibrium were 
approximately 8 hours for the system methyleyclo- 
hexane-—toluene and 12 hours for methanol-water. 

The vapour-sampling device previously described 7 
provided for the continuous condensation of the 
vapour and the revaporization of the condensate into 
the column. Samples taken by this recycling method 
were compared with samples of vapour directly con- 
densed into sampling bottles. Within the accuracy 
of analysis the samples were identical in composition. 

During the experimental runs the lagging and 
column temperatures were checked to ensure that the 
lagging heaters were functioning and maintaining 
adiabatic conditions. 

When equilibrium was reached, the pressure drop 
across each tray was measured, and then sampling was 
carried out by isolating the sample pots. The samples 
were then run off into cooled bottles and stored in a 
refrigerator until required for analysis. 

The overheads were then measured by diverting the 
reflux into a receiver over a known period and weigh- 
ing. As the reflux was not at its boiling point, a 
correction was necessary to ascertain the actual vapour 
velocity. 


Single Tray Unit 

The layout of the single-plate unit, which was con- 
structed with Perspex walls to allow observation, is 
given in Fig 2. All flow measurements were by 
orifice meters, and provision was made for sampling of 
the inlet and outlet water with continuous circulation 
through the sampling flasks during runs. 

The air was supplied by a blower capable of deliver- 
ing 3500 ft*/hr against 12-inches W.G. The air 
entered the base of the plate (A) via a straight length 
of 2-inch standard iron pipe, an orifice meter (B), and 
a butterfly control valve (C). From the plate it 
passed through a cyclone separator (D) to the atmos- 
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phere. The cyclone separator served to remove en- 
trainment for return into the bottom reservoir (E). 

The water supply was a continuous circuit. A 
centrifugal pump (F) delivered it to a 10-gallon con- 
stant head tank (G) from the reservoir. The level in 
this tank was maintained by an overflow. The water 
flowed to the plate via an orifice meter (H) and a 
control valve (O) and thence back to the reservoir. A 
small drain pipe (I) prevented any water from 
getting to the air orifice and blower. 


+ 


Fie 2 
FLOW DIAGRAM OF SINGLE-PLATE UNIT 


Pressure tappings (J) were provided to measure the 
pressure drop across the tray, and a mercury-in-glass 
thermometer (K) was used to measure the inlet and 
outlet water temperatures. 

The water was enriched with oxygen supplied to the 
delivery side of the pump from a cylinder via a small 
orifice meter (L). Provision was made for sampling 
the inlet and outlet water. The sampling flasks (M) 
and (N) are shown in position. 


Experimental Procedure 


The water-circulating pump was switched on and 
the oxygen introduced to the delivery side, adjust- 
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ments being made until a satisfactory reading on the 
oxygen manometer was obtained. 

The water was allowed to circulate, by-passing the 
plate, for 15 minutes to allow the oxygen concentra- 
tion to build up. The sample flasks were then placed 
in position, the blower started, and the water intro- 
duced to the plate. The air and water flows were 
adjusted to the required values. Care was taken to 
eliminate immediately all air from the sample flasks. 
Failure to do this led to the formation of minute air 
bubbles which were afterwards difficult to eliminate. 

When equilibrium had been reached after a period 
of two hours (determined in a manner similar to that 
described previously), the instrument readings were 
recorded, together with the barometric pressure. 

Preliminary runs were undertaken to ascertain a 
satisfactory flow of oxygen. This was done by trial 
and error. Care was taken to ensure that the inlet 
concentration of oxygen was safely below saturation 
so that no free oxygen entered the plate. 


Materials and Analysis 


The purity of solvents used in the investigation was 
as follows : 


Methyleyclohexane. Refractive index 20° C at 1-423] 


Toluene ‘ . Refractive index 20° C at 1-4966 
Methanol . Density 20° C at 0-7950 g/ml 


The methods of analysis and sources of data for the 
different systems were : 


Methyleyclohexane— Analysis by refractive index at 20° C in 
toluene a Pulfrich refractometer. Data of 
Hall* for refractive indices and 
vapour-liquid equilibria. 

Analysis by refractive index at 20° C in 
a Pulfrich refractometer. Data pre- 
sented by Perry ® for density and 
vapour-—liquid equilibria. 

Analysis by modification of Winkler 
method.'® Data of White for 
equilibrium data on oxygen solubility 
in water. 


Methanol—water 


Oxygen-—water 


Condensed steam was used and found to be satis- 
factory for the oxygen desorption tests. 


DISTILLATION COLUMN EXPERIMENTAL 
: RESULTS 


The superficial vapour velocity varied from 2 to 7 
ft/sec for methyleyclohexane-toluene and from 1-5 to 
3-0 ft/see for methanol-water. The efficiency results 
for these two systems were, in the main, computed as 
overall efficiencies using the McCabe-Thiele }3 graphi- 
cal method. However, as the work was carried out 
under total reflux, and the range of concentration 
covered was such that the average slope of the 
equilibrium curve m approached unity, the overall 
efficiency can be considered approximately equal to 
the average Murphree plate efficiency.® 


For several runs in the methyleyclohexane—toluene 
system individual plate efficiencies were obtained and 
compared with the overall efficiencies with an average 
error of 2-0 per cent. 

The efficiency data are tabulated in Tables I and IT 
and plotted in Fig 3. 


TABLE I 
Overall Efficiency 
(Methyleyclohexane—Toluene) 


Boil-up rate Overall efficiency 


Run 
No. Ga, | Liquid | Vapour 
Ib/hr/ft® ft/sec | samples, | samples, °% 
1 1525 2-2 53-4 
2 1780 2-6 56-8 
3 2120 31 57-0 54-0 
4 | 2250 3:3 66-0 69-0 
5 | 2550 3-7 69-0 71-4 
6 | 2975 4:3 75-7 77-0 
7 3055 44 720 | 730 
8 3100 | 45 75-2 775 
9 3190 4-7 80-0 | 81-6 
10 3250 4:7 790 81-2 
3530 5-2 78-4 80-6 
2 | 3635 53 80-0 81-2 
| 4040 59 746 (83-4 
14 | 4120 6-0 74:8 74-0 
15 4370 | 6-2 73-7 74-0 
16 4580 | 6-7 74:4 73-0 
7 4670 | 6-9 74-0 72-0 


TaBLe II 
Overall Efficiency 
(Methanol-Water) 


Boil-up rate | Overall efficiency 
Run No. | - 


| G,\b/hr/ft? V, ft/see Liquid sample, % 
18 276 1-4 | 32-0 
22 422 1-9 45-2 
25 | 530 | 2-6 49-0 
46 | 582 2-9 54-0 
| 


For methyleyclohexane-toluene the efficiency in- 
creases up to 5 ft/sec with a maximum of 80 per cent, 
while with a further increase in vapour velocity the 
efficiency decreases. The efficiency is sensitive to the 
boil-up rate, although it is relatively constant over the 
vapour velocity range of 4-3-6 ft/sec. The decrease in 
efficiency at the higher boil-up rates is thought to be 
due to entrainment. In the single-plate unit the 
amount of entrainment removed by the cyclone 
separator was measured, and the amount was such as 
largely to account for the decrease in efficiency at the 
higher vapour rates. 

The reason for the limited number of results for the 
system methyl alcohol-water was due to the formation 
of rust in the column. 


Liquid Film Efficiency Results for Single Tray Unit 
The determination of liquid film efficiencies by the 
desorption of oxygen from oxygen-enriched water by 
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air was carried out over a range of superficial air inlet and outlet temperature, together with a resultant 
velocities of 1-2—11-2 ft/sec and water rates of 0-6000 small equilibrium solubility change across the tray, 
Ib /hr/ft?. was inevitable. 
T T T T T T T 
x 
x 
07 
0-6 amend — 
BASED ON 
O LIQUID SAMPLES 
MCH-TOL. 
VAPOUR SAMPLES 
MEOH-H,O ALIQUID SAMPLES 
j 0-2 | | l 
2:0 40 6-0 8-0 
VAPOUR VELOCITY, FT/SEC. 
i Fie 3 
: OVERALL EFFICIENCY v. VAPOUR VELOCITY a 
The liquid film efficiencies were computed from the Usually there was only a small difference in efficien- 
relationship cies based on mean and outlet temperatures, and it 
Pee Basa Ee (1) was only significant at low water and high air rates. 
Over the complete series of runs the mean plate 
P-P-™- varied between 13° and 25°C. The correlation of 
i v8 effect of temperature on the liquid film transfer 
i leaving the tray ; flici 
i = ilibrium concentration of oxygen ere, 
i The liquid film efficiency results are tabulated in 
8 Table III, and the corrected liquid film efficiencies 
: The values of x,* were based on the mean plate plotted as a function of air and water rates are shown 
j temperature. As no provision was made to hold the in Fig 4. From this figure it is seen that an increase 
: water on the test plate at the wet bulb temperature of — of air velocity causes an increase in efficiency, while 


the air, a slight temperature difference between the at low liquid flow rates an increase of water flow causes 
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a sharp decrease in the efficiency. The rate of de- 
crease diminishes at higher liquid rates until the effect 
of further increase in water flow is negligible. 

An increase in air velocity causes an increase of 
spray on the plate and, although differing radically 
from the mechanism of bubble plates, this results in 
an increase in aeration. This increase in aeration 


the time of contact will decrease with increased liquid 
flow. However, from visual observation, it was evi- 
dent that considerably more spray was formed at the 
higher liquid rates than the lower ones. Thus, at 
higher liquid rates the latter factor tends to balance 
the former, with the result that the efficiency does not 
continue to decrease. The decrease in efficiency with 


0-9 
0-8 
07 
w 
0-6 
> 
wu O4- 
V, ft/sec. 
uw 1-2 
a 28 
39 
= 4 65 
7:0 
+ 8:7 
| | | l | l | 
re) 1000 2000 3000 4000 5000 6000 
L,LB./HR/FT? 
LIQUID RATE 
Fig 4 


LIQUID EFFICIENCY Uv. LIQUID RATE 


causes an increase in interfacial contact area, with 
consequent increase in efficiency. 

At low air velocities (1-2 ft/sec) abnormally low 
liquid film efficiencies are obtained. This is due to 
unsatisfactory operation of the plate, as only one of 
the troughs is working correctly. The scatter of 
results for this air velocity is only to be expected, as 
the second trough bubbles spasmodically. This 
phenomena of one trough operating has been men- 
tioned previously.’ 

A change in liquid rate will affect the performance 
of the tray, depending on the effect of two factors. 
These factors are the time of contatt and the inter- 
facial area of contact. Other things being constant, 


increase in liquid rate is greater for the lower gas 
velocities. 

Liquid film transfer units, shown on Table IIT, were 
calculated from the Murphree liquid film efficiencies 
by equation (2) 


— 23 log (1 E;) = Nu (2) 


The data as presented by Perry ® were used to 

construct a graph of at v. temperature which 

i 

was used to determine the N; 20° C results given in 

Table III. The number of transfer units at 20° C is 

plotted as a function of liquid and gas rates on Fig 5. 


As in the case of the efficiency results, the number 
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Tasie LIL 
Liquid Film Efficiencies 
(Desorption of Oxygen) 


| Oxygen concentration, p.p.m. Efficiency Transfer units 
No. Cc Xn | zx * press., Ei, E N N 
/sec | | emp, | IN ouT n | mm Hg “Lee Leo 
1 1-2 288 | 20-5 — | 20-00 | 9-60 | 867 | 744 | 0-916 | O914 | 247 | 245, 
2 1-2 1240 20-3 25-80 | 14-50 8-65 741 0-657 0-654 1-07 1-06 
3 1-2 1630 | 23-9 22-75 | 19-30 | $14 744 0-647 0-616 1-04 0-96 
4 1-2 2070 «| 23-8 25:30 | 15:40 | 820 746 0-592 0-563 0-90 0-83 
5 1-2 2420 | 23-3 23-75 13-10 | 825 743 0-687 0-663 1-16 1-08 
6 | 1-2 2870 21-7 22-25 | 13-85 | 8-60 753 0-616 0-602 0-96 0-92 
7 1-2 3090 20-4 | 2065 | 13°55 | 8-80 754 0-600 0-598 0-92 0-91 
8 1-2 3250 240 | 20-35 12-85 8-05 738 0-610 0-578 0-94 0-86 
7 9 1-2 3480 | 22-6 | 20-20 | 12°35 4:48 754 0-670 0-642 1-11 1-05 
10 1-2 3520 | 20-9 25-40 1665 | 8-70 749 0-524 0-517 0-74 0-73 
ll 1-2 3800 24:8 18-50 12-10 7-98 739 0-621 0-584 0-97 0-88 
12 1-2 3970 22-9 23-40 15-45 8-25 736 0-525 0-505 0-74 0-70 
13 1-2 4090 19-5 27-40 18-05 8-72 737 0-500 0-503 0-69 0-70 
14 1-2 4250 22-2 25-80 16-75 8-38 741 0-550 0-532 0-80 0-76 
15 1-2 4600 20-5 26-45 17-50 8-73 749 0-505 0-502 0-70 0-69 
16 12 | 4810 | 194 22.25 16-05 8-40 706 0-448 0-450 0-59 0-60 
17 1:2 | 4970 | 21-45 19-85 13-10 8-06 706 0-565 0-555 0-83 0-81 
18 1:2 | 5380 | 21-8 27-00 17-60 8-64 758 0-513 0-500 0-72 0-69 
19 12 | 5600 | 22-9 22-10 14-70 8-16 728 0-530 0-509 0-75 0-75 
20 1-2 5660 | 21-6 23-90 | 15:80 8:38 734 0-522 0-511 0-74 0-72 
21 1-2 5910 | 23-9 22-90 14-65 8-16 747 0-572 0-542 0-84 0-78 
22 1-2 5950 | 21-8 18-35 8-48 745 0-440 0-428 0-579 0-56 
23 2-8 575 | 17-85 11-30 9-40 762 0-881 0-892 2-13 2-22 
24 2-8 1750 | 18-4 12-00 9-04 743 0-788 0-800 1-55 1-60 
25 2-8 2900 21-6 11-50 8-50 744 0-783 0-773 1-525 1-48 
26 2-8 5940 18-8 . 11-40 8-82 733 0-780 0-788 1-51 1-55 
27 3-9 1350 19-7 22-20 10°70 8-64 731 0-850 0-852 1-89 1-91 
28 3-9 1620 19-0 25:30 | 1080 | 892 744 0-884 0-889 2-15 2-19 
j 29 3-9 2150 17:95 | 23-40 | 11-70 9-07 740 0-876 | 0-880 | 2-044 2-12 
30 3-9 3610 199 | 2055 | 11-00 8-70 740 0-805 0-805 1-63 1-63 
31 3-9 4700 19-3 20-90 | 11-60 8-82 740 0-770 0-773 1-47 1-48 
; 2 3-9 5860 19-1 23-00 11-10 8-86 741 0-827 0-832 1:75 1-78 
33 6:5 1500 21-0 25-40 10-40 8-68 749 0-895 0-887 2-2 2-18 
34 6-5 1910 16-05 | 2645 | 12-10 | 9-53 745 0-848 0-869 1-88 2-03 
35 6-5 2350 18-2 | 24-30 11-60 9-06 742 0-834 0-841 1:79 1-84 
36 6-5 3020 | 134 | 2815 | 13-80 | 10-10 745 0-795 0-838 1-58 1-82 
37 6-5 3110 | 2105 | 2075 | 970 | 857 740 0-908 | 0-901 | 2-38 2-31 
38 6-5 3540 | 15-00 28-30 | 13-40 | 9-73 746 0-801 0-834 1-61 1-79 
39 6:5 3800 | 18-95 23-45 | 10-95 8-84 738 0-855 0-861 1-93 1-97 
40 6-5 4120 | 1625 | 2530 | 12:50 | 9-60 754 0-816 0-838 1-69 1-82 
41 6-5 4250 | 1325 | 2625 | 14:50 | 10-20 747 0-732 0-783 1-31 1-52 
42 6-5 4810 | 16-65 25-25 | 12:35 | 943 748 0-815 0-833 1-68 1-79 
. 532 05 | 24 1-55 9-18 748 0-843 0-854 1-85 1-92 
33-00 13-78 | 9-03 750 0-816 | 0-821 1-69 1-72 
45 7-0 336 | 195) =| (20-95 935 | 908 762 0-978 0-979 3-81 3-85 
46 7-0 1350 | 2bl | 17-10 915 8-43 729 0-917 0-913 2-49 2-44 
47 7-0 2040 | 193 | 1920 | 9-60 8-74 734 0-918 0-922 2-50 2-55 
48 7-0 2160 | 20-4 21-40 | 10-20 | 8-82 754 0-390 | 0-888 | 2-20 2-19 
49 7-0 3270 17-75 | 19-40 | 10-60 9-05 | 734 0-850 0-864 1-90 1-99 
50 70 2880 | 200 | 1995 | 9-90 8-48 722 0-877 0-877 2-10 2-10 
51 7-0 3840 188 | 2610 | 11-90 9-14 756 0-840 0-847 1-83 1-88 
52 7-0 4200 | 197 | 2675 | 11-95 8-86 748 0-827 0-828 1-75 1-76 
53 7-0 4460 | 21 | 24-50 | 10-70 8-78 750 0-880 0-871 2-10 2-05 
54 70 | 65000 190 | 2560 | 12:20 | 902 | 751 0-807 0-813 1-64 1-68 
65 7-0 5470 | 20-15 24:20 | 11-30 | 8-80 750 0-837 0-837 1-81 1-81 
56 7-0 | 5860 | 1875 | 2065 | 1060 | 878 729 0-845 0-852 1-86 1-91 
57 8-7 3040 15-6 26-10 | 11-40 | O44 733 0-887 0-910 2-18 2-40 
58 8-7 4410 | 17:35 | 2335 | 1055 | 910 731 0-898 | 0-911 2-28 2-42 
59 8-7 | 5940 17-95 | 2480 | 11-00 | 8-96 731 0-870 0-880 2-04 2-12 
60 ne | “432 | 16-5 2165 | 960 | 958 758 0-997 0-998 5-80 6-23 
61 11-2 1600 19-8 | 94.35 | 8-90 | 8-56 721 0-980 0-980 3-90 3-90 
62 11-2 2540 | 187 25-70 | 905 | 8-70 721 0-980 0-982 3-90 4-00 
63 11-2 4100 | 1845 | 23:85 | 975 8°77 724 0-935 0-940 2-72 2-80 
64 11-2 5910 | 19-9 | 21-95 | 955 | 8-54 726 0-922 0-922 2-55 2-55 
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of transfer units increases with air velocity and 
decreases rapidly with liquid rates to a value of 
approximately 2000 Ib/ft?, and is then substantially 
constant. 


NUMBER OF LIQUID FILM TRANSFER UNITS Nv 


1000 2000 3000 4000 
L-LB/HR/FT? 

LIQUID RATE 


Fie 5 
Ni L 
DESORPTION) 


Calculated Gas Film Efficiencies 


From the previously determined values of NV, and 
the overall vapour efficiency, the gas film transfer 
units NV, can be predicted for the systems methyleyclo- 
hexane-toluene, methyl alcohol-water, and ethyl 
alcohol-water,’ using equation (3). 


1 m G/L 


2.3 log (1 Eva) No N, (3) 


where E,; = overall gas or vapour efficiency ; 


» 


N« = number of gas or vapour film transfer 


units ; 
N;, = number of liquid film transfer units ; 
m == dy/dx or slope of equilibrium curve ; 
G = mass vapour velocity, lb/hr /ft?; 


L = liquid rate, lb/hr/ft?. 


Equation (3) is for point efficiencies, and thus an 
approximation is made in using the experimentally- 
determined overall efficiencies. In the small tray used 
in this investigation there should be no great error 
involved in this assumption. 

The number of liquid film transfer units for the 
system under consideration was calculated from the 


number of liquid film transfer units from the desorp- 
tion of oxygen by the equation of Gerster.!® 


 Duyt 
Nuy = Nig) + (4) 


Liquid film diffusivities for the binary systems were 
calculated using the method of Wilke.'® 

The calculated values of N,,; and N, for the three 
binary systems are plotted on Fig 6 as a function of 
superficial vapour velocity. For methyleyclohexane— 
toluene and methanol-water the m G/L ratio was 
taken as unity, whereas for ethanol-water the value 
was 0-6. 

Fig 6 compares the resistances due to the liquid and 
gas films. It will be noted that in all three cases the 
variation of NV’, is small compared with that of NV, and 
that N,, increases with increased vapour velocity or 
boil-up rate. 

Consider first the curves for methyleyclohexane— 
toluene. At the low vapour velocities the gas film 
is greater than 
that of the liquid film. The liquid film resistance, 
however, is not insignificant. 

As the boil-up rate is increased, the resistance of 
both films decreases, but that of the gas film decreases 
much more rapidly. When a velocity of 3-3 ft/sec is 
reached, the N.T.U. values and, as m(@/L is unity, the 
resistance are equal. 


resistance, which is comparable to 


TRANSFER UNITS 


ANO GAS FILM 


° 


NUMBER OF LIQUID 


' 2 3 
SUPERFICIAL VAPOUR VELOCITY FT/SEC 
> 
Fia 6 


It is apparent, therefore, that the increase in effici- 
ency with boil-up rate is due mainly to a decrease in 
the gas film resistance. Values of NV, have not been 
ascertained above the point where there is a reduction 
in efficiency due to entrainment. 

The curves for the aleohol-water systems also show 
a decrease in the gas film resistances with increase in 
boil-up rate, but the liquid film resistances show small 
increases. 
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In making a comparison for the different systems at 
the same vapour velocity it is necessary also to con- 
sider the values of the liquid rate. A consideration of 
the vapour densities shows that for a given vapour 
velocity the volumetric liquid flow is considerably 
greater for methyleyclohexane-toluene than for 
ethanol-water and methanol-water. From Fig 5 it 
is seen that the reduction in the number of liquid 
transfer units with liquid rate is more evident at low 
liquid loadings and that this effect is greater than the 
increase in N; due to increased vapour velocity. 
Thus for total reflux conditions : 


(1) The gas film resistance is reduced with 
increased vapour velocity, giving the character- 
istic Kaskade plate increase of efficiency with 
boil-up rate. 

(2) The liquid film resistance may increase or 
decrease with boil-up rate depending on the 
magnitude of the volumetric liquid flow. 


CONCLUSIONS 


Arising out of this investigation of two trough 
Kaskade tray units the following conclusions are 
reached 

(1) Overall and liquid film efficiencies increase with 
vapour velocity. In the case of methyleyclohexane— 
toluene a maximum efficiency of 80 per cent is obtained 
at a vapour velocity of 5 ft/sec. Above this velocity 
the efficiency decreases, and it is suggested that this 
decrease is due to entrainment. 

(2) For this apparatus the overall efficiency is 
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relatively constant over a vapour velocity range of 
4-0-6-0 ft/sec. 

(3) At constant vapour velocity the liquid film 
efficiency rapidly decreases with increasing liquid rate 
and then remains substantially constant. 

(4) At total reflux the gas film is more controlling 
than the liquid film at low vapour velocities, but 
becomes progressively less controlling with increasing 
vapour velocity. The liquid film resistance remains 
relatively constant. 

(5) At low vapour velocities low efficiencies are 
obtained, as one of the two troughs in the tray does 
not operate correctly. 
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THE SEPARATION OF NAPHTHALENE AND ITS HYDROGENATED 
PRODUCTS BY VAPOUR-PHASE CHROMATOGRAPHY * 


By R. M. SOEMANTRI¢ and H. I. WATERMAN ¢ (Hon. Fellow) 


SUMMARY 


The analysis of naphthalene and its hydrogenated products by means of gas-liquid partition chromatography 


is described. A description of the apparatus is given. 


The choice of conditions and the influence of these on 


the separation are discussed. Solid mixtures can be liquefied before the analysis by heating or, more elegantly, 
can be “ liquefied ” by adding benzene to them, without disturbing the quantitative analysis. _ 

The method of calibration and the quantitative interpretation of the chromatograms are discussed. The 
accuracy of the method is +1-5 per cent absolute. The chromatographic columns used prove to be stable, and 
no decline in separating efficiency can be observed. No dehydrogenation of the relatively unstable decalin and 


tetralin can be detected during the analysis. 


INTRODUCTION 


VAPOUR-PHASE chromatography, first suggested by 
Martin and Synge,' has now become a very important 
tool for the analysis of volatile compounds. Applica- 
tions of this analytical separation technique to gas 
and liquid mixtures have been described by Ray,’ 
Bradford et al,4 van der Craats,> James,® James and 
Phillips,? Keulemans and Kwantes,® Lichtenfels,® and 
several others. 

Vapour-phase chromatographical methods can be 
divided into two essentially different groups : 

(1) Gas-solid adsorption chromatography, employ- 
ing a solid adsorbing agent. This method can be 
sub-divided into two groups— 


(a) Separation by displacement: the gaseous 
mixture is adsorbed on to active charcoal or 
silica gel and then desorbed by raising the 
temperature, or it is displaced by a vapour that 
is more strongly adsorbed. 

(6) Separation by elution: the adsorbed com- 
ponents are eluted by means of an inert stripper 
11 mostly N, or Hy. 


(2) Gas-liquid partition chromatography, employing 
a liquid agent for partition. This paper deals only 
with this latter method. 


PRINCIPLE 


In gas-liquid partition chromatography the moving 
phase is a gas-vapour mixture, and the stationary 
phase consists of a non-volatile, high-boiling liquid, 
supported on an inert solid carrier. Due to the 
difference in partition coefficient of the several 
components, they will be separated and leave the 
column one after another by stripping with the 
carrier-gas. 


* MS received 8 November 1956. 


METHOD OF DETECTING 


Several detecting devices have been developed and 
are suitable for detecting and measuring the separated 
components : 


(1) measuring of thermal conductivity ; 

(2) measuring the pressure increase after con- 
densing or chemically binding the carrier gas ; 

(3) automatic titration (for acids) ; ? 

(4) 8-ray ionization cell. 


The measuring of thermal conductivity is relatively 
simple, sensitive, and reliable. 


DESCRIPTION OF THE APPARATUS 


In the present apparatus the thermal conductivity 
cell (* katharometer’’) is of the Bureau of Mines 
type.!2 It consists principally of a cylindrical 
copper block, in which are two parallel bores of 3 mm 
diameter. In these two bores are stretched two 
identical Pt wires of 0-020 mm diameter, 10 cm in 
length. Both wires form two arms of a Wheatstone 
bridge and are fed with a 100 mA current from an 
accumulator. Through one of these bores (reference 
channel) streams the carrier gas only, while through 
the other (comparative channel) streams the carrier 
gas and the separated component. Due to the 
difference in thermal conductivity in both bores, the 
Wheatstone bridge will be out of equilibrium and the 
overpotential is fed to an automatic Brown potentio- 
meter (0-2-5 mV), coupled with a pen recorder. 

The carrier gas N, is drawn from a bomb via a 
reducing valve. As a constancy of the gas flow is 
essential for the chromatogram, N, is led to a precision 
reducing valve (Negretti and Zambra). An accurate 
and constant pressure drop can thus be maintained 
ovet the column. In order to eliminate any pressure 
variations, a buffer vessel is attached after the 


+ University of Chemical Engineering, Delft, Holland. 
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precision reducing valve. The column and_ the 
katharometer are immersed ,in the oil bath, so that 
they have the same temperature. The column is 
coiled into a spiral in order to save space. 

The gas flow is measured by means of a rotameter. 
The inlet system consists of a valve, over which a 
rubber serum-cap is attached. In this way leakage 


[ F-HYPODERMIC 
SYRINGE 


(2) the velocity of the carrier gas, column 
diameter, size of the sample, and type of the 
solid carrier. 


It is beyond the scope of this paper to deal compre- 
hensively with these factors. For a fuller account 
one is referred to * 5 8%, 
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Fie 1 


of the system during the injection of a sample is 
eliminated. A schematic flow-sheet of the apparatus 
is given in Fig 1. 


THE SEPARATION 


Martin? and others have given a theory of gas- 
liquid partition chromatography. This theory gives 
indications as to how to achieve a good separation, 
but due to the fact that a large number of factors 
play a part in the process, it is still difficult to predict 
the optimum conditions for each problem. 

Some of the important factors for separation are ° : 


(1) The nature of the absorption liquid and 
the column temperature, as these determine the 
Henry coefficient and therefore the partition co- 
efficient ; 
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EXPERIMENTAL PART 
Separation of Naphthalene 


The intention is to study the separation of naphtha- 
lene and its hydrogenated products for the analysis 
of the products obtained in semi-technical dehydro- 
genation processes of decalin. 


Table of Components 
pa 
Naphthalene . ‘ ‘ ‘ 217-9 
Decahydronaphthalene (decalin) : 
trans ° 185-5 
Tetrahydronaphthalene (tetralin) 207-2 


For this purpose several accurately-weighed mix- 
tures of these components were prepared and analysed 
by means of gas-liquid partition chromatography. 
Before analysing these mixtures all the components 
were first tested for purity (see Table I). 
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Choice of Conditions of Analysis 
(1) The Chromatographic Column: analyses were 
carried out on two kinds of column : 


(a) Dow Corning Silicone 702, impregnated on 
Celite, column diameter 12 mm. 

(b) dioctylphthalate, impregnated on ground 
firebrick, column diameter 6 mm. 


The column length is 180 em (coiled copper tube). 
These columns have been used successfully for 

analyses of hydrocarbon gases and gasoline fractions. 
The columns were prepared as follows : 


(a) Kieselguhr (Celite 545, Johns Manville 
Corpn) was size-graded by repeated suspension 
in water, heated in a muffle for three hours at 
300° C, and purified by treatment with HCI 1-19, 
to remove iron and basic impurities. After 
washing with water until acid-free, Celite was 
dried at 145° C2 

The liquid phase, consisting of Silicone 702, 
dissolved in pentane, was added to the Celite 
(0-5 g silicon/1 g Celite), stirred well, and the 
pentane evaporated at 70° C. 

The mixture is packed down to a known 
density (0-4 g/cc) and the two ends plugged with 
glass-wool. 

(6) Screen fractions of firebrick (40-100 mesh), 
after suspension in water to remove dust, and 
drying at 150°C, were impregnated with di- 
octylphthalate, diluted with a volatile solvent 
(0-3 g dioctylphthalate/1 g brick). 


(2) The Operational Variables : 


(a) The temperature: a few analyses were 
done at 140° C, the others at 170° and 180° C. 
The influence of the temperature on the shape of 
the peaks and the time of analysis is illustrated 
in Figs 2 and 3. The lower the temperature, the 
broader the peaks and the longer the time of 
analysis. At 170°C the peaks are relatively 
sharp and symmetrical and sufficiently separated 
for quantitative work. 

Of course a higher temperature can be chosen 
for these analyses in order to shorten the time of 
analysis and to improve the efficiency of the 
column,” but this is limited to a certain extent : 


(i) At higher temperatures the silicone or 
dioctylphthalate have still higher vapour 
pressures, so they can be stripped by the 
carrier gas. The column will be in this way 
seriously damaged. 

At 170°-180°C no decline could be 
detected in the separating efficiency of our 
columns. 

(ii) As tetralin and decalin are relatively 
unstable, very high temperatures have to be 


avoided in order to prevent any dehydrogena- 
tion of these components at the hot Pt wire 
or at the walls of the bores of the katharo- 
meter. 


(b) Velocity of the carrier gas: 5-5 1/hr Ny for 
the dioctylphthalate ; 6-5 1/hr N, for the silicone 
column. 

(c) Size of the liquid samples : 0-15-0-20 ml. 


The limitations of the size of the samples are : 


upper limit: the column must not be overloaded 
and the peaks must not run out of the recorder 
scale. 

lower limit: determined by the sensitivity of the 
katharometer. 


According to Ray,3 the samples were put on to the 
chromatographic column by means of a calibrated 
tuberculin syringe provided with a long needle. 


Note 

The mixtures that were not liquid were liquefied by 
heating at 70°C. From the homogeneous liquid a 
sample was then taken in the preheated syringe, in 
order to prevent solidification. 

This method has the disadvantage that there might 
be loss of the most volatile component, due to 
evaporation during the heating. The most elegant 
method is to add benzene or other solvent to the 
solid mixtures until a homogeneous liquid solution is 
obtained. In this way heating is not necessary, and 
so losses due to evaporation are avoided. It is not 
necessary to calculate the amount of solvent added, 
as it does not interfere or influence the ratio of the 
other components. Fig 5 shows a chromatogram 
obtained in these analyses and Fig 6 shows a chro- 
matogram of a mixture to which benzene was added. 


Qualitative and Quantitative Interpretation of the 
Chromatograms 


Qualitative: the retention volume, or at a given 
velocity of the carrier gas, the retention time of a 
component, is determined by the nature of the 
stationary phase (absorption liquid), the temperature, 
and the velocity of the carrier gas. At constant 
operating conditions, the retention time (volume) of 
a component is specific and constant (R,). A 
component can thus be identified by means of its 
retention time. 

Quantitative: the area of a peak is directly propor- 
tional to the quantity of the corresponding com- 
ponent.4 > 13 In most cases it is not necessary to 
measure the actual peak area, but it is sufficient to 
measure it by multiplying the height by the half-band 
width of the peak (a x b). 

If the thermal conductivities of the components 
are equal, or when the differences are negligible, then 
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the area of a peak is directly proportional to the mol- 
concentration of the corresponding component. 
According to Phillips, this will be the case when 
hydrogen or helium are used as carrier gas. These 
have very high thermal conductivity in comparison 
with other vapours and gases. 

The total sum of the areas of the peaks is taken as 
100 per cent and the ratio between the peak area and 


4 


FINZECTIO 
POINT 


Fig 2 (a) 
QUALITATIVE 


Fig 2 (b) 
QUANTITATIVE 


this sum gives the mol-percentage of the correspond- 
ing component. In this case, helium being un- 
available, N, is used as carrier gas. The thermal 
conductivity of N, differs little from that of the 
other vapours. 

In following the method described above, the 
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values found differ considerably from the values 
calculated from the preparation of the mixtures. 

The values found for naphthalene were all too high 
and deviations as large as 6-6 per cent absolute were 
encountered. Thus it was necessary to carry out 
calibration and to make some corrections. Evidently, 
in using N, as carrier gas, the difference in thermal 
conductivity of the components is not negligible. 


Methods of Calibration 


(1) According to Bradford et al* by the “ internal 
standard” method. This method has the following 
disadvantages: first, it is very difficult to add an 
accurate fixed amount of the “ internal standard ”’ to 
all mixtures to be analysed; secondly, several cali- 
bration mixtures must be prepared and analysed to 
obtain accurate calibration lines for all components. 

(2) Another method is to measure the peak area 
corresponding to an accurately known amount of a 
component. This method is rather time-consuming 
and complicated ; the peak area is influenced by the 
operation temperature, and it is not possible to inject 
an accurate amount with a common syringe. 

(3) The method of calibration used in these 
analyses is as follows : equimolar mixtures of decalin 
and tetralin and equimolar mixtures of tetralin and 
naphthalene were prepared. Assuming equality of 


Mol, % 


cis-Decalin 


trans-Decalin Tetralin Naphthalene 
Mixture in 
f d d c f d d 
Commercial decalin Dy | 79-6 20-4 Very nearly the value found by analytical distillation 
and i.r. spectrography 
= tetralin obtained | | 
by distillation . 2-3 3-2 - 94-5 - - 
N = recrystallized 
naphthalene «| - 100-0 
Ty = commercial tetra- | 
cis-Decalin . | 100-0 - - — 
Commercial decalin + | 
cis-Decalin I | 178 16-2 -1-:7 | 82: 83-8 | +1-7 | - 
Commercial decalin + | 
cis-Decalin IL . . | 46-5 47-9 | 53-5 52-1 | —1-4 - 
| 302 39-0 —O2 | 113 11:7 | +04 | 49-5 49-3 -0-2 {| — 
NDy I | 70-9 710 | +01 | 18-1 18-9 | — - 103 | 101 | 
NT, I 1-9 | 25 | +06 2-7 30 | +03 | 83-4 80-5 | — 2-9 | 120 | 13-9 | 
NT; Il 1-3 +03 1-4 2-2 | +08 | 46:3 470 | +07 | 513 | 495 | —18 
DyT .| 362 | 344 | -18 92 | 84) —O8 | 545 57-2) +27) — — | — 
. 46-9 | 445 | —24| 130 | 144) +14] 384 | 381 —O3 | 18 | +12 
NDyzT, . 25°6 26°6 +10; 73 | +10 31:3 32-6 +13 | 35-8 | 32:5 | —3-5 
Ul 7-2 70 | —02| 40 43 | +03 | 851 | 835] -16| 37 53 | +18 
NDygT, IV. 3-2 2-0 —12); 1:2 0-7 148 | 143 80-9 83-0 | +2-1 
V . 73-7 | 734 | —03| 190 | 192 | +02] 58 | 59| 16 15 | —O1 
NDyT; VI 37 | 35 —0-2 22) +0-4 50-0 | 50:7 | +07 | 442 42-2 2-0 
NDyT; Vil 56-3 57-9 +1-6 14:5 17-0 | +2-5 44 | 40 —04 24:8 21-2 3-6 
3 NDyT; Vill 31:3 31-4 +01) 85 | 88 | +03 | 204 | 21:3 | +09) 39:8 | 38-6 1-2 
NDyTz 1X 32°7 32-5 —02| 94 9-4 | 0 | 39:0 400 | +10 18-9 18-2 —0-7 
NDgT; X . 13-8 150 | +12), 45 50 | +05 | 369 38-0 | +11 | 448 42:0 | —2-8 
c = calculated. f = found from chromatogram after correction. = deviation. 
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thermal conductivities, the peaks of the components 
of such equimolar mixtures must have the same area. 


Table of Calibration 


Area of peak 


Prepared, % om 
Terain . . .| 496 | 4950 5763 
Naphthalene 50-4 660-0 756-0 
Tetralin =. | 50-0 2065°5 3333-0 
Decalin (cis + trans) . 50-0 1900-6 3171:8 


From this table it is clear that naphthalene gives a 
larger area than tetralin, and decalin gives a smaller 
area than tetralin. Therefore the areas of the 
components are not directly proportional to their 


z 
3 
< 
COLUMN : DIOCTYLPHTALATE 
TEMP. :170°C 
FLOW :55 LA,No 
z 
3 
< 
a 
2 
z 
a 
z 
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j 
MINUTES 40 30 20 10 
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mol-concentrations, but the following corrections 
must be applied. 


Table of Correction 


Area of tetralin “2 
Area of naphthalene x 1/1-3 
Area of decalin x 107 


By applying these correction factors in interpreting 
the chromatograms, it is found that the values (mol- 
percentages) obtained for the components are correct. 
The mean deviation is about 1-5 per cent absolute 
(see Table I). This method of calibration is rela- 
tively accurate and simple compared with other 


TRANS-DECALIN 


COLUMN DIOCTYLPHTALATE 


Teme 10°C 
FLOW 5.5 Un Ny 
z 
wu 
2 
° 
z 
= 
z 
of 
: 
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2 
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2 
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T T T T T T T 
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calibration methods. The ratio of the peak areas of 
the components is temperature-independent in the 
temperature range 140°-180° C. 


CONCLUSIONS 


(1) On both columns the components are readily 
separated and leave the column according to their 
boiling points. 

(2) No influence of the column diameter on the 
separating efficiency can be observed. Apparently 
no disturbing radial diffusion occurs. Both columns 
are stable at these operating conditions. 

(3) Gas-liquid partition chromatography offers a 
simple, rapid, and accurate method of analysis for 
these high-boiling, sometimes solid, mixtures, and 
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Teme 170°C 


NAPHTALENE 


TETRALIN 


COLUMN: DIOCTYLPHTALATE 


FLOW 55 No 


TRANS-DECALIN 


BENZENE ADDED 


CiS-DECALIN 


2 

Ly 

100 90 80 70 60 30 40 30 20 10 ° 

MINUTES 
Fie 6 
‘ 
requires only very small samples (0:10-0:20 ml). References 

This method has great advantages over other possible 1 Martin, A. J. P., and Synge, R. L. M. Biochem. J., 1941, 

methods, like analytical distillation or combined 1358, 
ultra-violet and infra-red spectroscopy. — A. T., and Martin, A. J. P. Biochem. J., 1952, 52, 


(4) No dehydrogenation of decalin and tetralin can 
be detected. Above 200°C some dehydrogenation 
might occur, which will render the analysis in- 
accurate and complicated. 

(5) Concentrations as small as 1 per cent can be 
detected quantitatively. 
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No. I of a series 


One of the first steps in the engin- 
eering of a successful commercial 
plant is often the setting up and 
running of the actual process on a 
pilot scale. Such development work, 
usually in collaboration with clients’ 
own technologists, is centred on our 
Experimental Building alongside the 
design offices at Harold Hill. Typical inves- 
tigations have involved, for instance, the new 
Rotating-Disc Contactor and Pulsed Column pilot 
plants for liquid/liquid extraction problems and the forced- 
circulation, Dowtherm-heated equipment illustrated, for the high- 

vacuum distillation of high boiling point organic liquids. We invite your enquiries. 


|DEVELOPMENT/- DESIGN - ENGINEERING - PURCHASING - FABRICATION - EXPEDITING - COST CONTROL - ERECTION - COMMISSIONING 


THE COMPLETE CHEMICAL & PETROLEUM 
ENGINEERING SERVICE BY — 


W.J. FRASER & CO.LTD., ROMFORD, ESSEX & BARNSLEY, YORKS. AUSTRALIA © NEW ZEALAND * RHODESIA ~ S. AFRICA SPAIN 
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‘please find enclosed—’ 


If it’s safely stowed away in a Butterfield Road Tank 
there’s no need to add that bit about hoping it finds them 


as it leaves you. . . for it most certainly will. 


These sturdy Tanks in Stainless Steel, Mild Steel or Aluminium, 


are doing a big job for the Petroleum industry which 


deals largely in liquid loads in bulk. Steadiness on the 


road is assured by the Butterfield method of ‘girder’ mounting. 


in 

Stainless Steel 
Mild Steel 
and 
Aluminium 


NEWCASTLE-ON-TYNE Tel 23823 GLASGOW Tel 7696 BELFAST Tel 57343 DUBLIN Tel 77232 


ROAD TRANSPORT TANKS 
GIRDER MOUNTING ENSURES MAXIMUM STABILITY 
W. P. Butterfield Limited P.O. Box 38 Shipley Yorkshire Tel 52244 (8 lines) 
Branches: LONDON Tel HOLborn 2455 (4 lines) BIRMINGHAM Tel EAS 0871 BRISTOL Tel 26902 LIVERPOOL Tel Central 0829 MANCHESTER Tel Blackfriars 9417 » 
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for 
trouble-free 
service 
between 
sump 
and drill 


GOODYEAR liong-life hose for 
the Petroleum Industry include: 


ROTARY 
DRILLING HOSE 


For all drilling 
applications down to 
20,000 ft. depths. 


VIBRATOR HOSE 


For connecting mud 
pump and stand pipe. 


MUD PUMP 
SUCTION HOSE 


For connection between 
sump and pump. 


HOSE . 


Designed to withstand the severe service conditions encountered 
in rotary drilling, Goodyear Hose gives long, trouble-free service 
and helps to keep down costs. It has tough covers and rugged 
reinforcement that resist kinking and crushing, and its smooth 
inside tube is highly resistant to abrasion from mud and slush. 

There is a suitable Goodyear hose for every petroleum job. 
For further information please write to the Industrial Rubber 
Department, the Goodyear Tyre & Rubber Co. (Gt. Britain) 
Ltd., Wolverhampton, England. Export enquiries: 17 Stratton 
Street, London, W.1. 


INDUSTRIAL RUBBER PRODUCTS 
for the Petroleum industry 
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ELECTRIC MOTORS 
and associated equipment 
FOR THE OIL INDUSTRY 


Metrovick Engineers have made an extensive 
. study of motor, control gear and switchgear 
problems in the Oil Industry. Results of this 
experience are crystallised and arranged for easy 
reference in this fully illustrated 197 page book. 
Information given includes a selected choice of 
motors and associated equipment both flame- 
proof and non-flame proof, with rating lists and 
dimension tables. Useful general details of motor 
drives and maintenance are also included. 
Senior personnel associated with oil and chemi- 
cal industries are invited to write for publication 
7765/2. 


METROPOLITAN -VICKERS 


FLECTRICAL CO TRAFFORD. PARK MANCHESTER 


Member of the A.E.1. group of companies 


Motors for the Oil Industry «: 


A PUBLICATION YOU NEED 
top 
4 
J © 502 
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YOUR GUARANTEE OF PERFORMANCE 


In the oil fields of the world 
the HUGHES trademark has 
been accepted as a guarantee of 
performance ... consistent, 
dependable performance — for 
almost a half century. Through 
intensive and aggressive research, 
in the laboratory and in the 
field, HUGHES js continuing to 
advance the quality and 
performance of its products... 
worldwide. 


OP THE INDUSTRY. 


BRITISH MANUFACTURING SUBSIDIARY - HUGHES TOOL COMPANY, LTD., 
Barclays Bank Building, 73 Cheapside, London, England 
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‘“Newallastic’’ bolts and studs have qualities which are absolutely unique. 
They have been tested by every known device, and have been proved to 
be stronger and more resistant to fatigue than bolts or studs made by 


the usual method. 


POSSILPARR GLASGOW-N 
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but not a drop in the fuel 


Nothing to see but sea—but there’s no water left in the fuel! Where's 
it gone? Down into the sump of a Simmonds Separator Filter. Solid 
contaminants go too; in fact, a Simmonds Filter makes short 

work of the whole business of water-from-fuel separation. ‘Two types 
of separators are made -FRAM units (for aircraft refuelling) combine 


100%, water separation with filtration of solids down to 5 microns. 
EXCEL-SO units (for refineries, pipelines or bulk handling) also efficiently 
separate water from hydrocarbon fluids and remove solids down to 

7 40 microns. Both units work continuously without attendance, and are 

, available in a wide range of flow rates for working pressures up to 


150 p.s.i.—or higher if needed. 


SIMMONDS SEPARATOR FILTERS 
give clean, water-free fuel for aircraft 


FRAM SEPARATOR FILTERS ARE FULLY APPROVED BY THE MINISTRY OF SUPPLY 
Inquiries to: Simmonds Aerocessories Ltd., Byron House, 7-8-9, St. James’s St., London, $.W.1./Whitehall 5772. 


Head Office & Works: Treforest, Pontypridd, Glamorgan. A MEMBER OF THE FIRTH CLEVELAND GROUP ta 
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ANSWER TO 
the SULPHUR PROBLEM 


De-sulphurization Units 


| 
| 
| 
KELLOGG 
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The problem o/ sulphur removal has become paramount as refiners become more 
concerned with the quality and consumer acceptance of their products. 

Retfiners concerned with the problem of desulphurization will discover that 

the Kellogg International Corporation has the optimum solution 

to their sulphur problem. 

The Kellogg International Corporation has available a desulphurization process, 
which can remove 99 per cent of the sulphur if desired. The process depends 
upon a catalyst, which is manufactured in Great Britain. This process will 
remove sulphur from virgin streams of naphtha, kerosene, gas oil and 

other fuel oils as well as remove the sulphur from cracked stocks of 

similar boiling ranges. It can be engineered to operate simultaneously on 
streams from the topping and cracking units. In all cases the products produced 
are stable, gum-free, doctor sweet and have an extremely low percentage of 
sulphur. Where desired, the design can include equipmert to recover 

the sulphur as a saleable by-product. 

The Kellogg Organization is engineering desulphurization units in England, 
France and the U.S.A. Refiners concerned with the sulphur problem 

are invited to consult the Kellogg International Corporation. 


Kellogg International Corporation 


KELLOGG HOUSE - CHANDOS STREET, CAVENDISH SQ. LONDON - 


SOCIETE KELLOGG PARIS 

THE CANADIAN KELLOGG COMPANY LTD 
KELLOGG PAN AMERICAN CORPORATION 
COMPANHIA KELLOGG BRASILEIRA °* R 
COMPANIA KELLOGG DE VENEZUELA 


SUBSIDIARIES OF 


THE M. W. KELLOGG COMPANY 


NEW YORK 


TORONTO 

NEW YORK 
10 DE JANEIRO 
CARACAS 
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PETROLEUM REFINERIES 
a 
PETROCHEMICAL PLANTS | 
LD 
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Newman-McEvoy valves 
give 100 per cent 
economy service to users. 
Always as tight as the most exacting 
plant engineer can require, 
Newman-McEvoy valves are easy to operate 
at all times. 

They are automatically self-sealed in any position 
by a sealing compound that is neither a A Christmas Tree Assembly 

lubricant nor a grease. May we send parce aetna 

you full details of these remarkably controlled Oilfield. 

efficient valves which are giving 

satisfaction wherever used? & Co. Ltd 
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omprehensive 


Atmospheric and Vacuum Distillation Units 


Combined Distillation, Cracking, Reforming and 
Vapour Phase Treating Units 


Pressure Distillate Re-run Units 
Gasoline Recovery and Stabilization Units 
Fractionating Columns and Tube Stills 


Wax Refining, Sweating and Moulding 


A. F. CRAIG & COMPANY LIMITED 


CALEDONIA ENGINEERING WORKS + PAISLEY - SCOTLAND 


LONDON OFFICE: 727 SALISBURY HOUSE - LONDON WALL - E.C.2 - PHONE NATIONAL 3964 
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HAYWARD TYLER - TERRY 


TYPE ¢ STEAM TURBINE 


The success of the Hayward Tyler Terry Steam Turbine Type Z as a prime mover for pumps, fans, blowers, 
compressors, and generators has led us to introduce a new and more powerful version — the Type G. 
Whereas the Type Z covered a H.P. range of 5 to 200, the Type G provides 75 to 575 H.P. at steam 
pressures up to 450 P.S.I.G. and steam temperatures up to 750° F. 

Provision is made for ten steam jets (compared with a maximum of four on the Type Z) thus giving 
flexibility of output. 

The Type G Turbine has a cast steel case and its simple construction, with a single turbine wheel forged 
out of the solid steel, gives it great reliability in service. 

We shall be glad to discuss the application of these turbines to your specific needs. 


HAYWARD TYLER 


HAYWARD TYLER & COMPANY LIMITED - LUTON & EAST KILBRIDE - LUTON 6820 
LONDON OFFICE SALISBURY HOUSE . FINSBURY CIRCUS - EC2 - NATional 9306 


he 
: 
4 
~ 
: 
« 
> 
> 
| 
i 


| 
| 
q * ™ 4 
a 


is the British section of a world-wide organisation 
specialising in the design, manufacture and supply 
of plant and equipment for all industrial processes 
where the separation of fine solids from liquids is 
required. 


* Copsult us in connection with your problems concerning 


WATER TREATMENT - LUBE OIL DEWAXING AND CLAY CONTACT ING FILTERS 
SKIMMING - SAND AND ACID PUMPING - EFFLUENT 
SEWAGE DISPOSAL - MIXING 


COMPANY 


Lt 


ABFORD HOUSE. WILTON ROAD. LONDON. S.W.1 
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Our highly trained staff and testing facilities are at your service. 

Xi 


BROTHERHOOD 


VERTICAL AND HORIZONTAL 


STEAM TURBINES 


FOR DRIVING PUMPS, ETC. 


BROTHERHOOD 


COMPRESSORS 


Air, GasandRefrigerating. 


Wide range—All types. 
Over 50 years’ experience. 
Hundreds in hand— 
thousands in service. 


The widest range in the 
British Empire—made tosuit 
your requirements. 
Thousands in service. 


BROTHERHOOD 


GENERATING SETS 


Turbine driven up to 

11,000 kw. 

Engine driven up to 340 kw. 
Scores in hand, hundreds 
in service. 


BROTHERHOOD 
REFRIGERATING PLANT 


Ammonia, CO,, Freon, SO,, 
Methy! Chloride. Wide range 
—single and double acting— 


one or more stages. 


Made to measure for 
special duties. 


also Manufacturers of all kinds of 
PLANT TO CUSTOMERS’ OWN DESIGNS 


WHY NOT SEND YOUR PROBLEMS TO US? 


We shall be pleased to investigate them confidentially 
without commitment 


: PETERBOROUGH - 
COMPRESSOR & POWER PLANT SPECIALISTS FOR NEARLY A CENTURY 
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CECA 


CLARSOL CLARSIL 
Bentonites Activated Earths 

POROSIL CLARCEL 
Kieselguhrs Filter Aids 


PYRO-ISOL ACTICARBONE 


Refractory Insulating Activated Carbons 


Bricks 


THE BRITISH CECA COMPANY LTD. 
175 PICCADILLY, LONDON, 


TEL: HYDE PARK S13I-5 CABLES: ACTICARBON, LONDON 


Electrical Code 


Third Revised (1950) Edition 


Part 1 of Model Code of Safe 
Practice in the Petroleum Industry 


Complete with 3-ring binder to 
hold four parts of complete code 


Price 33s. Od. post free 


(Supplied together with 
Marketing and Refining Codes at 58s. Od.) 


Obtainable from 


The Institute of Petroleum 


Manson House, Portland Place, 
London, W.1 
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The Business End of a 
Bright Idea for Gasolines 


Heoter, heat exchangers and reactors, heart of UOP Rexforming Unit at Cosden Petroleum Corporation, Big Spring, Texas. 


f This is the heart of the UOP Rexforming process, a new 

development in petroleum refining that produces automotive gasolines 

with the industry's highest octane ratings with remarkable 
efficiency and economy. The idea for Rexforming 
was born in Universal's research laboratories. UOP develops and 
designs the equipment required to make this process 
commercially practical. UOP field engineers follow every phase 
of construction and are right on hand to see that the 
actual plant functions smoothly from the very start. This is the 
full measure of Universal's service. From bright 
| idea to smooth operation, it’s a service that is : 

| available to all refiners everywhere. 


Representative in England: F. A. Trim, 
Bush House, Aldwych, London, W.C.2 


UNIVERSAL OIL PRODUCTS COMPANY 


30 Algonquin Road, Des Plaines, Illinois, U.S. A. 
Forty Years Of Leadership In Petroleum Refining Technology ® 
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